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Among  the  various  joining  lcchnii|ucs.  in  Ihc  last  years  thermally  eontrolleJ  processes 
assumed  an  increasing  significance  in  the  manufacture  of  dillerent  types  ol  hardware.  How- 
ever, the  penetration  of  welding  as  the  dominating  joining  technology  in  aerospace  industry 
is  rather  slow.  An  encouraging  tendency  for  applying  welding  processes  m the  production  of 
aircraft  structures  can  presently  be  observed,  but  parallelly  a decreasing  tendency  may  be 
noticed  in  airframe  construction,  where  riveting  still  is  the  prevailing  production  method 

Reasons  for  this  deviation  from  the  general  trend  of  exploiting  welding  in  production 
technology  may  be  partly  attributed  to  the  numerous  problems  existing  in  welding  higli 
strength,  low  density  aerospace  materials.  However,  it  also  seems  that  inadequate  knowledge 
of  the  advanced  joining  techniques  and  of  the  properties  of  joints  by  the  design  engineers 
plays  an  essential  role. 

In  order  to  exploit  welding  and  associate  methods  - such  as  bra/ing.  thermal  cutting, 
thermal  spraying,  metal  bonding  etc.  - in  production,  many  Welding  AvsiKiations  in  various 
countries  have  assumed  a leading  part  for  many  years.  Particularly  caused  by  the  International 
Institute  of  Welding,  an  increasing  attention  now  is  being  paid  on  national  and  international 
coordination  of  research  and  development.  In  the  Held  of  aerospace  industries,  the  (ierman 
Association  for  Welding  Technology  (HVSl,  the  Welding  Institute  in  the  United  Kingdom, 
the  American  Welding  Society,  the  Institut  de  Soudure  in  France,  and  the  Welding  Socie'  -s 
of  all  other  NATO  countries  make  every  effort  to  improve  their  cooperation  in  this  field. 

Some  fruits  of  such  a cooperation  are  the  increasing  tendency  for  common  standardization, 
technical  discussions  on  the  problems  connected  with  welding,  and  other  uselul  kinds  ol 
communication. 

According  to  these  intentions,  it  is  the  aim  of  this  Lecture  Series  to  give  support  to  a 
better  knowledge  and  better  understanding  as  well  as  to  an  improved  exploitation  ot  advanced 
welding  technology  in  the  aerospace  industries. 
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INTRODUCTION 
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by 

Prof.  Dr.-Inq.  H.-D.  Steffenp 
University  of  Dortmund 
D 4600  Dortmund  SO,  Ocrmany 


All  high  strength  materials  are  more  or  less  sensitive  to  a change  in  structure 
caused  by  welding  or  other  heat  - intensive  processes.  Increasing  attention  is  now  being 
paid  to  measurements  of  the  mechanical  behaviour  of  the  weld  seam,  especially  of  the 
heat  - affected  zones.  In  accordance  with  the  chemical  composition  as  well  as  the  heat 
treatment  of  the  various  alloyed  materials,  their  weldability  is  quite  differ  "'•t,  and 
thus  different  joining  methods  are  required. 

There  is  no  doubt  that  the  develo[>mcnt  in  welding  is  following  two  lines;  one  being 
the  improvement  of  the  materials'  weldability  in  order  to  avoid  hot  and  cold  cracking, 
stress  corrosion  sensitivity  etc.,  the  other  dealing  with  the  development  of  the  joining 
processes  in  order  to  improve  their  economy  or  to  minimize  detrimental  influences  on  the 
parent  metals,  such  as  residual  stresses  and  distortion,  heat-affection  and  geometric 
discontinuities . 

As  far  as  welding  processes  are  concerned,  no  method  exists,  the  application  of 
which  would  guarantee  the  absence  of  weld  defects.  Thus,  costly  premature  failures  in 
important  engineering  structures  could  occur  in  the  past,  initiating  an  increasing 
concern  with  weld  Imperfections.  In  order  to  avoid  weakness  or  failure  by  defects  on  the 
one  hand,  an  unjustified  rejection  of  properly  joined  structures  on  the  other,  numerous 
destructive  and  nondestructive  investigations  have  been  carried  out.  As  a result,  wold 
design  practices  were  improved  and  meaningful  weld  acceptance  criteria  could  be  estab- 
lished. Still  the  work  Is  going  on  involving  all  those  concerned  with  welded  stru'-tures, 
as  neither  the  designer  nor  the  metallurgist,  welding  engineer,  fabricator,  inspector, 
quality  assurance  specialist  or  the  final  customer  can  feel  unconcerned  in  welded  struc- 
ture integrity. 

This  is  the  reason  why  nowadays  a discussion  of  advanced  joining  techniques  inevi- 
tably includes  advances  in  fracture  mechanics  and  fatigue  as  well  as  progress  in  non- 
destructive testing  procedures.  In  view  of  these  facts  it  was  evident  that  renewed  atten- 
tion had  to  be  focused  on  the  role  of  destructive  and  nondestructive  test  methods. 

Also,  some  non-welding  joining  processes  as  high-temperature  brazing  and  metal 
bonding  by  plastic  adhesives  had  to  be  considered  due  to  the  growing  interest  these 
joining  methods  find  in  aerospace  manufacturing  techniques.  In  order  to  meet  the  re- 
quirements for  joining  processes  for  high-strength  materials,  an  increasing  emphasis  is 
continually  being  given  to  the  development  and  application  of  high-temperature  brazing 
techniques.  Improved  mechanical  properties  and  the  use  of  sniall  scale  brazed  joints 
means  that  materials  - even  if  not  weldable  - can  be  ap|.lled  with  a high  degree  of  safety 
under  conditions  of  high  mechanical  and  thermal  stress. 

As  far  as  metal  bgnding  is  concerned,  the  application  limited  to  low  temperatures; 
usually  less  than  200  C.  Recent  advances  in  the  development  of  adhesives  permit  metal 
bonded  joints  to  be  applied  up  to  400  °C  with  acceptable  long  term  behaviour,  and  even 
up  to  1000  “c  for  a short  time.  However,  the  price  of  these  types  of  adhesives  makes  the 
procedure  too  costly  for  application  even  in  aerospace  industries.  On  the  other  hand, 
the  low  temperature  adhesives  offer  numerous  advantages  especially  in  airfrance  construc- 
tion, where  high  percentages  of  cell  structures  and  installation  are  bonded  by  plastic 
adhesives . 

Conventional  welding  processes  have  already  gained  a considerably  high  level  of  per- 
fection, and  there  are  indications  that  their  development  is  presently  tending  to  more 
mechanization  and  automatization  than  to  drastic  changes  of  the  fundamental  procedures. 
Generally  it  is  desired  to  replace  welding  skill  of  human  operators  by  automatic  func- 
tions in  the  welding  equipment. 

Such  is  the  situation  with  TIG-welding  where  the  skill  involved  in  feeding  the 
filler  wire  into  the  weld  pool  quite  often  has  been  replaced  by  an  automatic  wire  feed 
unit.  In  MIG-welding,  the  mechanized  equipment  already  represents  the  technical  standard. 
However,  due  to  its  welding  characteristics,  it  is  hardly  applied  in  aerospace  industries 
In  TIG-  as  well  as  MIG-welding,  the  process  development  seems  to  be  accomplished  by  in- 
troducing the  pulsed  arc. 


In  aircraft  Industries,  many  aluminium  airframe  construction  |jarts  are  joined  by 
the  TIG  and  resistance  weld  processes,  with  both  of  them  beinq  applied  to  sheet  thick- 
nesses of  0.6  to  2.4  mm,  and  with  higher  thicknesses  up  to  about  6 mm  bcinq  restricted 
to  TIG-weldlnq. 

Beside  plasma  arc  and  Inertia  welding,  the  electron-beam  welding  process  is  widely 
used  in  the  aerospace  industries.  By  means  of  this  process,  many  components  may  br-  joined 
with  excellent  results  which  in  the  past  could  not  be  welded  or  only  under  difficulties. 

Whereas  EB-welding  Is  hardly  applied  to  aluminium  in  aircraft  construction,  it  is 
going  to  become  the  most  advanced  w>-tdlng  process  for  complicated  steel,  titanium  alloy 
or  nickel-base  superalloy  components.  Thus  it  Is  only  a recognition  of  the  meaning  of 
this  process  that  It  Is  preferentially  discussed  whenever  advanced  joining  techniques 
are  mentioned.  Indeed  it  offers  a deep  penetration  with  a high  depth-to-width  ratio  and 
small  heat-affected  zone  which  generally  Is  not  achieved  by  other  fusion  weld  processes. 

Though  also  In  this  process  - as  In  any  other  welding  process  - defects  can  occur, 
EB-weldlng  will  continually  gain  new  applications  as  for  example  in  large  structures 
built  up  from  smaller  segments.  In  the  case  of  EB-welding,  a considerably  rapid  develop- 
ment can  be  obscrvcKl  Including,  for  Instance,  electronic  control  systems  for  precise 
seam  tracking,  programmed  beam  deflection,  high-,  low-  and  non-vacuum  welding,  and  ma- 
chines employing  local  vacuum. 

In  contrast  to  the  high  standard  of  EB-wcldlng  devices,  the  state  of  development  of 
deep-penetrating  high  power  lasers  is  still  at  the  beginning.  Though  to  date  welds  in  a 
variety  of  metals  and  alloys  have  already  been  produced  by  convcctively-cooled,  coaxial 
CO,  lasers,  cross-beam  lasers  and  other  gas-transport  or  gas-dynamic  lasers.  With  sonie 
exceptions,  no  significant  applications  have  matured  in  aerospace  industries.  The  desire 
to  achieve  beam  outputs  of  10,  20,  50  kW  or  more  could  not  moot  the  requirement  for  com- 
pact, flexible  welding  tools.  During  the  last  five  to  six  years,  however,  it  mis  shown 
theoretically  and  experimentally  that  the  physical  limits  preventing  rapid  development 
of  "conventional"  gas-dynamic  CO,  lasers  could  bo  crossed  by  the  conception  of  the  gas- 
dynamic  "mixing”  laser  (GDML) . In  this  device,  nitrogen  is  heated  up  in  an  arc  chamber 
to  temperatures  between  2000  and  3000  K,  and  is  then  expanding  through  a nozzle  system, 
with  CO2  and  water  or  helium  being  added  in  the  area  of  supersonic  flow.  This  rather 
simple  principle  enables  power  outputs  of  20  to  36  kW  for  current  designs,  and  from  a theo- 
retical viewpoint  alloys  unlimited  power  usage  for  future  designs.  However,  difficulties 
exist  in  connection  with  the  mixing  of  gas  streams  at  their  extremely  different  tempe- 
ratures and  with  the  filtering  and  recycling  of  the  nitrogen  in  these  devices. 

In  spite  of  all  disadvantages,  there  is  a growing  interest  in  the  potential  appli- 
cability of  high  power  lasers  to  industrial  welding  tasks,  and  it  seems  worth  while  to 
carefully  watch  the  developments  in  this  new  branch  of  welding  procedures. 

Attention  should  be  paid,  also,  to  the  continued  development  of  solid  state  diffu- 
sion bonding.  This  process  is  cble  to  join  detail  parts  into  integral  configurations 
with  a continuous  metallurgical  structure  by  applying  pressure  and  heat  for  a predeter- 
mined period  of  time  in  an  adequate  environment.  The  potential  of  diffusion  bonding  has 
already  been  recognized  in  manufacturing  helicopter  rotor  hubs  and  jet  engine  components. 

A strong  effort  is  also  observed  in  thermal  spraying  procedures  and  their  applica- 
tion in  engine  components.  Especially  recent  developments  in  both  equipment  and  processes 
in  plasma  arc  spraying  of  metallic  and  non-metallic  powder  materials  offer  the  potential 
of  even  greater  industrial  usage.  The  most  remarkable  application  is  the  surface  protec- 
tion of  turbine  rotor  blades  which  - in  the  past  - has  always  been  one  of  the  unsolved 
problems  in  improving  the  efficiency  and  life  endurance  of  jet  engines. 

This  process  will  be  discussed  in  the  lecture  series  as  well  as  the  present  status 
and  future  development  of  thermal  cutting  procedures. 

It  is  the  aim  of  the  authors  to  provide  a comprehensive  survey  of  the  joining  pro- 
cesses and  their  application  in  aerospace  industries,  thus  contributing  to  an  exploita- 
tion of  welding  and  similar  processes  in  production  technology. 
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SmiMAllY 

This  |tti|Mrr  Ih  concvmcil  with  the  iteliHiiim  uml  une  of  )uinlnK  prot-eKKUK  fur  vaiiouM  t>iiei>  of  ail  flame  applU-a- 
tiuiiH.  Ceneral  as|>eetN  of  ailv;;ritat;eH  ami  ilifneullleM  In  weliUni:  critical  primary  alrciaft  atriHiuiea  are  diacuaHml. 
The  all-welilul  F-MA  Wint;  t'enler-SeclIun  la  usul  as  an  example  to  •lellneate  tlu*  t)|iea  of  pruiiletiiM  Inherent  in 
selecting'  the  uptiniuni  wchllnt;  priH-esN  atui  pruculurea  to  aaiuire  atructpral  integrity,  minimum  coat,  iliatuniun 
oaitriil  anil  llitht  weiitht. 

The  aerosiKice  imluatry  Ih  particularly  intercHteil  In  julnint:  titanium,  ateel  ami  aluminum  alluya  In  variuua 
gUKcs  ranidnK  from  thin  sheet  to  heavy  plate,  2 to  3 in.  (U)  to  75  mm)  thick.  Various  welilint:  pro<-eaaeK  ami  a|ipll- 
caliims  are  iliscusseil  in  relation  to  selection  criteria,  lievelotmients  in  elect ron-lieam  aelilinu  small  ami  large 
titanium  structures  are  presenteil  with  (larticular  attention  itiven  to  hltth  vacuum  welillnit  ami  diiectluna  lieinK  taken 
in  nun- vacuum  ami  sliilinit-seal  electron-beam  wekllnii.  Applications  of  iwlsetl  Kas-lunttsten-arc,  plasma-arc 
(weUlinK  ami  cutting),  laser  beam  (weldInK  and  cultinii),  weld-l>umllni:,  diffusion  Isindlntt,  ami  brarinit  are  discussml. 

The  pa|>er  continues  with  a iliscussiun  of  desiKn  for  use  of  mulem  methoils  of  weki  Inspection,  the  effects  of 
defects  on  weld  performance  ami  some  ex|>erien(x*s  in  lestinK  lartte  structures.  Itucommemlations  fur  use  of  design 
ami  test  ilata  evaluations  to  ndnimi/.e  cost.  Increase  ease  of  fabrication,  facilitate  ins|)ection  and  Increase  reliabil- 
ity confidence  conclude  the  pa|>er.  A summary  Is  presented  of  the  niches  the  various  processes  are  fillint:  ami  the 
potential  for  future  advances  in  facilitating  ecisiomical,  reliable  fabrication  of  airframes, 

[NTItODl’CiTON 

In  the  last  decade,  stringent  demamis  for  higher  performance  supersonic  aerospace  vehicles  have  caused 
imlustry  to  make  significant  ailvances  in  material  ami  process  usage  fur  the  design  ami  fabrication  of  critical  aero- 
space structures.  As  a result  designers  were  facctl  with  the  problem  of  protiucing  maior  structures  which  roquimi 
emphasis  on  impruvetl  materials  utilization  to  minimize  weight  and  cost.  In  the  case  of  metallic  structures,  mono- 
lithic structural  components  were  designed  which  reduced  the  need  for  mechanical  fasteners  ami  Increasal  the  need 
for  reliable  welding  brazing  and  solid-state  joining  processes. 

In  many  designs,  welding  has  replacal  mechanical  fastening  to  eliminate  the  fastener  itself  ami  the  increased 
material  required  in  the  pari  liue  to  the  hole  pcmalty.  Ilccausc  of  its  notch  (Kt)  factor,  the  penalty  can  be  as  high  as 
2'.  times  the  weight  without  a hole.  When  fasteners  arc  usml  to  Join  components,  loads  passing  through  the  structure 
concentrate  at  points  in  the  structure  which  cause  such  a material  penalty.  The  anticipated  wcat  ami  fatigue  at 
these  points  must  be  compensated  for  by  increasing  the  size  and  numiver  of  fasteners  employed,  resulting  In  In- 
creased assembly  cost  ami  weight. 

Therefore,  in  many  developmental  ami  production  aircraft  programs,  such  as  the  B-70  supersonic  transport 
(SST),  F-lll,  F-14,  Cheyenne  helicopter,  multi-role  combat  aircraft  (MHCA)  and  B-1  bomber,  welded  structures 
became  a reality.  In  addition  to  fusion  w-elding,  solid-state  joining  ami  specialized  combinations  of  processes  (e.  g. , 
weld-bonding,  weld-brazing)  have  been  investigated  for  potential  applications.  Table  I summarizes  a number  of 
major  applications  in  which  welding  processes  have  been  applied  or  considered  as  primary  contemicrs  for  produc- 
tion. 


Table  1 Major  Airframe  Applications  of  Weldments  by  Various  Welding  I’rocesses 


WELDING  PROCESS/APPLICATIONS 


EB 

• CLOSE  OUT  WELD  ON  THE  WING  TO  STUB  WING  FUSELAGE  ATTACHMENT 
IN  THE  B 70  PROGRAM 

• ROTOR  HUB  FROM  2.250  IN.  THICK  Ti  6AI  4V  FOR  THE  CHEYENNE 
HELICOPTER 

• F 14A  CENTER  WING  BOX  STRUCTURE  lANNEALED  Ti  6AI  4V  I 

• F.14A  UPPER  AND  LOWER  WING  COVERS  (ANNEALED  Ti  6AI  4V  AND 
ANNEALED  Ti-BAI  6V  2Sn) 

PA 

• INTEGRALLY  STIFFENED  WING  PANELS  (Ti  6A1  4V)  APPROXIMATELY  28  FT 
LONG  ON  SST  PROGRAM  (0.125  IN.  THICK) 

• MANUAL  REPAIR  WELDING  ON  F 14A 

GTA 

• ORBITAL  ARC  TUBE  WELDING  (Ti  3AI  2 1/2VI  ON  F 14A 

• FI  HAWING  CARRY  THROUGH  STRUCTURE  OF  D6AC  STEEL  (UPPER  COVER 
BOLTED  ON),  MULTIPASS  WELDING  REOUIRING  PRE  HEAT 

• VARIOUS  STRUCTURAL  PARTS  ON  B 1 AIRCRAFT,  INITIAL  STRUCTURES 


Currently,  the  K-1  lA,  MItCA  aixl  ll-l  aireiaft  are  priiiiary  eicaiii|tlea  which  ulilire  MeliliiiK  ltH-tuu<|uea  hr 
fiibricution  of  airframe  strutiures.  Kach  of  these  aircraft  employa  fusion  weUiinit  for  laliricatiun  of  its  i«nter  aluit- 
box.  The  i- 1 lA  employs  an  all-welileil,  center  Hint;  liox  (KIk.  It  tiuit  is  faliricaluil  from  :t!i  pails  with  7U  full'iMSie- 
tralion  elect ron-lieam  (KH)  welils.  The  wing  Isix  wtHuhs  lb  anl  is  IM  lli  lighter  than  its  oriKinal  taittet  wei«thl. 
i'urtherniore  it  is  the  least  e\|>ensive  structure  ($''lb)  in  the  i'-l  lA  airframe.  It  lias  also  Ijeeii  lietermimsl  tliat 
lioltint’  on  the  U|)(ier  aial  lower  covers  wouhl  eliminate  33  wekis  but,  in  turn,  woukl  inciease  llie  estimalcal  overall 
weight  of  the  Ikix  by  20  . . 

Critical  characteristics  which  must  lie  consiileml  in  cmployini;  welilintt  on  an  airframe  are: 

• Mechanical  pro|s>rty  stability  over  the  ilesitpi  temperature  rantte  lor  the  airframe  lifetime 

m Katiipie  anl  fracture  pru|iai;atiisi  characteristics  of  weki  joints. 

I'tie  followinj;  sections  discuss  materials  anl  wekI  process  selection  criteria.  This  is  folkiweil  by  discussion 
of  specific  process  applications  IncliallnK  non-destructive  inspetiiun  aisl  delect  Kljpiificance. 

MATKItIA  1..S  .SK  I.KCTION 

Karly  aircraft  were  desijpied  to  static  strenjtth  criteria.  As  the  desijpier  learneil  to  reduce  weiithl  while  still 
meetinj;  static  strenjcth  reijuirements,  flutter  prolilems  in  the  structure  tiecame  siKnIficanl.  I'ltimately  these  proli- 
lems  were  resolved.  Fatigue  problems  were  later  encountereil.  Since  then,  static  slrenjfth,  seruelast icily  and 
fatijtuc  life  have  been  the  three  main  criteria  used  in  desiipi  of  aircraft.  Static  strenjcth  (easiest  to  evaluate!  is 
usually  the  startinj;  point  and  sizes  the  structure.  Then  aeroelasticitv  calculations  are  determined  relative  to  meetinj: 
flutter  requirements.  Fatijtue  calculations  come  later  in  the  desijpi,  but  stress  concentrations  arc  always  consideretf 
dur.  ij:  the  desljm  phase. 

An  example  of  why  static  strenjtth  cannot  be  the  sole  ilesijoi  consideration  in  aluminum  alloys  is  7178  aluminunt. 
Kven  thouj'h  7178-Tti  aluminum  appeared  to  be  superior  in  strenjfth  to  202  IT-  I and  7075- TtJ,  it  did  not  have  the 
required  toughness  and  fatigue  properties.  This  alloy  is  now'  banned  In  aircraft.  At  the  time  that  the  7178  alloy  was 
First  used,  though,  the  fracture  mechanics  understanding  that  we  have  today  was  not  available  ami,  therefoic,  could 
not  be  used. 


The  basic  equation  of  fracture  mechanics  relates  the  critical  crack  size,  a,  to  the  operating  tension  stress, 
s,  a geometric  (dimensionless)  factor,_^,  anti  the  plain  strain  fracture  toughness,  Ku-  as  imiicatoil; 
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At  iIh.*  i-uli-uluteii  vuluf  u(  a fur  a i;ivuii  iiiatuital,  lapid  (i'a(aK(i<)|>tiU')  ciack  K'uMlti  iu  nupiJu.snl  tu  ut  i-ui. 
is  i-unsiilei'wl  tu  lx;  a basil-  material  |>araiiieter,  Wlieii  uie  luuks  at  the  Irai-ture  tuuitluiess  a-sl  eiilit-al  ciaek 
si/.e,  it  is  imlii-ateil  tliat  sume  alluys  shuuM  lie  aiile  tu  salel>  sustain  eiai-ks  us  inueh  as  ten  times  laiKei  Ilian  utliers. 

It  is  also  easier  tu  liiul  sueh  eraeks  b>  Mil. 

rhe  more  reeent  aireralt,  therefore,  have  ilesii'ii  s|x-t'i  neat  ions  tlial  assume  that  an  umlistsivei  ul  Hau  ol  a 
preserllH-il  si/e  exists  in  the  must  eritieui  |iui1  of  the  strutiui  e.  I he  aii  fl  ame  prislueer  tislu>  must  .lemonsliate 
that  this  unilisisivertsl  flau  will  lus  ttroK  to  eritieal  si/e  in  two  to  loui  liletimes,  I law  Ki'owlh  tests  of  pre-eraektsl 
1 s|)eelmens  aisl  sfiei-trum  tests  Imve  lieen  usisl  to  assu‘e  that  vahuus  ilesitpis  inelulinK  welilmenls  i-an  meet  rate-oi- 
eruek-|0'ow1h  (ila  iln)  rei|Uiremeiits  as  well  as  fraetuie  touuluiess 

(Hie  of  the  majur  ubieetives  of  later  itesipis  whieh  is  still  euntinuiiit:  is  to  use  materials  which  are  movinti  up- 
wanl  ami  to  the  left  in  the  tuUKhness  vs,  ylehl  strength  curves  lor  aluminum,  titanium  ami  steel  as  ilepiclul  in 
Kii;.  'J,  This  effeetivelv  is  iiituialeal  to  result  in  an  ineiease  in  the  critical  craci.  Ic-nitth  lor  a i;ivcn  ilesittn  stiess, 
thereliv  increasii)'  the  ixissibility  of  iliscoverint:  cracks  In  serviix-  liefore  failure  and  also  iiosslblv  providing  some 
inci eased  life. 

As  imlicatwl  in  Table  I on  majur  applications  of  weldments,  the  T'-IIIA  wini;  cai  o -throuKh  structure  was  the 
first  major  weMment  flyini;  usintt  lltlAC  steel  and  CTA  wehlliiK  with  preheat  of  at  least  fairly  studies  at 

(Irumman  on  fracture  toughness  imili-atal,  however,  that  basal  on  nKure-of-merlt  annealul  IT-hAI-tV  titanium 
alloy  would  be  a ytoal  selection  for  fracture-critical  (lai-ts  ami  it  was  selei-tal  lor  the  all-Kll-wehle<l,  I - I lA  wlnit 
center-sei-tion.  Moth  the  ll-l  ami  MIICA  also  seleclal  the  TI-tiAI-IV  alloy  for  their  centei  winn  Ihixcs.  It  is, 
therefore,  ismvenient  to  base  further  discussion  of  aihanced  tuinini:  techniifues  piiniarily  on  titanium  alloys. 

It  has  lieen  the  practice  to  use  annealal  al|ihu-tieta  type  titanium  alloys  <e. tt. , TI-0AI-4V  ami  TI-«AI-r,V-aSni 
because  of  their  fabiicability  ami  to  insure  sufficient  fracture  touiihness  and  tensile  <luctility  in  the  weld  ami  heat- 
affected  /one  (IIA/j.  While  use  of  annealal  alloys  permits  control  of  fatiipie  ami  crack  propattation,  maximum 
weipiht  raluctions  arc  not  attainalile.  Therefore,  proitrams  are  now  in  proto'ess  to  develop  wehlalile  alluys 
that  have  koihI  fatigue  and  crack  pru|>ay;ation  characteristics  at  higher  yield  strength  levels  than  the  annealal  al|>lia- 
beta  alloys.  Table  II  shows  ty|iical  room-temperature  tensile  ami  fracture  touKhness  properties  of  selectol  al|iia- 
beta  ami  beta  alloys  with  their  respective  densities.  To  ulitain  ailequatc  fracture  touKhness  and  increases!  yield 
streni^h,  it  is  necessai-y  to  employ  solution-treatal-aml-aKal  (STA|  material  which  prefcral>ly  wciulil  be  wcldisl  ami 
machinal  in  the  solution-treatal  (S'T)  comlition  ami  aital  after  weldinK.  Itase-metal  properties  indicate  that  the 
beta  alloys  havinc  yield  strenitths  above  lUU  ksi  idve  lietter  fraiiure  toughness  values  than  al|ilia-l)eta  alloys  at  yield 
slren)dhs  of  120  to  I 10  ksf  (min)  and,  therefore,  were  consideral  as  camlidates  for  future  use  on  a recently  com- 
plctal  Air  force  program  (Kef.  1).  The  weldability  results  obtainal  are  discussal  in  yn'ealcr  iletail  in  a subsequent 
section. 

Steel  alloys  offer  a i»ssible  alternative  that  could  have  the  reijuiral  properties  at  low  cost.  Some  work  on 
IIY-ISO  ami  hiRher  alloy  steel  is  proKressini;  at  the  present  time,  but  has  not  lx!en  successful  in  replacing  titanium 
alloys.  Kven  if  a steel  sulistitutc  is  found,  it  is  very  possible  that  a new  titanium  alloy  will  tie  discovcral  that  will 
have  t:ie  beta-titanium  alloy  toughness  with  improval  fatigue  at  high  yieil  strength  levels.  Itegardless  of  the  out- 
come of  such  stulies,  the  necessity  for  weldeil  sti-uctures  will  not  ilecline  for  economically  pro<luce<l  high-pcrformancc 
aircraft. 


Table  II  Typical  Hoom-’Temiieralure  I’roiierilea  of  Tilanluni  Alloya 


T 


TITANIUM  ALLOY 

DENSITY, 
LB/CU  IN. 

ANNEALED 

_STA_  _ 

Ft  /Ft  . 

‘u  *v 

KSI 

KlC' 

KSI  n/Tn. 

> 

it  Ja 

XlC- 

KSI  n/Tn. 

Ti  6AI  4V 

0 160 

130/120 

50  60 

160. 145 

36 

Ti  6A  2 6V  2Sn 

0 164 

150/140 

35 

170/160 

27 

Beta  III 

0.184 

115/100 

— 

175/165 

65 

Beta  C 

0.174 

120/113 

— 

173/167 

58 

Ti  BMo  8V  2Fe  3A^ 

0.174 

126/125 

— 

175/165 

54 

Ti  6AI  2Sn  4Zr  2Mo 

0.164 

130/120 

— 

145/130 

32 

Ti  6AI  2Sn  4Zr  6Mo 

0.169 

160  162 

— 

175/165 

25 

Ti  6AI  6Sn  4Zr  4Mo 

0.168 

— 1 

— 

175/165 

45 
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WELDING  PROCESS  SELECTION 

In  the  selection  of  joining  processes  for  specific  applications,  criteria  that  must  lx*  considerul  are  jiart 
criticality,  weld  properties,  equipment  capability,  availability,  cost,  repeatability,  joint  design,  inspeetabilit\ , 
equipment  stability,  repair  and  salvage.  All  of  these  considerations  must  be  evaluated  relative  to  the  specific  re- 
quirements and  judgments  made  by  the  fabricator  to  satisfy  the  most  reliable  and  cost-effective  neals.  This  can  lx- 
seen  in  the  process  selections  that  have  been  made  in  the  past  as  note<i  in  Table  I for  various  vehicles  and  the 
circumstances  that  prevailed  at  the  time  the  processes  were  selected.  This  will  Ixicome  apparent  in  suljsequcnt 
sections  which  discuss  various  joining  applications  that  have  been  proposed  or  are  in  use  primarily  in  the  I'nitul 
States. 

In  the  following  sections,  we  will  consider  electron-beam,  plasma-arc,  laser  and  gas-tungsten-arc  wehllng 
processes,  diffusion  bonding,  weld-bonding,  and  brazing  relative  to  actual  or  proposed  applications.  Qualitative 
e%’aluations  of  welding  processes  based  on  useability  and  cost  factors  are  presented  in  Tables  III  ami  IV.  These 
will  sen-e  only  as  guidelines  and  generally  apply  mainly  to  titanium  alloy  welds  greater  than  1^1  In.  thick.  f«hei 
processes  used  essentially  on  thin-gage  sti-uctures  are  evaluated  in  the  ixjrtinent  discussions  that  follow. 

ELECTRON-BEAM  WELDING  (HARD  VACHCM) 

Generally,  there  are  three  types  of  EB  welding,  classified  acconling  to  vacuum  level  attained  at  the  weld: 

• Hard  X'acuum  (high  vacuum)  at  lO”  * to  10 

• Soft  Vacuum  (medium  vacuum)  at  10  to  100  torr 


t 
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Out-of-Chamber  (non-vacuum)  at  760  torr. 


The  above  vacuum  levels  do  not  apply  to  the  levels  attained  at  the  filament  of  the  gun  except  for  the  case  of 
hard-vacuum  welding.  This  level  is  the  minimum  requireil  to  prevent  rapid  degradation  of  the  filaments.  Table  V 
shows  the  effect  of  pressure  level  on  the  purity  of  atmosphere  and  the  relative  frer|uency  of  gas  molecules  collisions. 
In  a hard  vacuum  (10-1  to  10-5  torr),  the  electron-lx;am  is  not  affected  much  by  gas  molecules  and  can  be  focused 
over  a distance  of  two  feet  or  gi-eater  depending  on  gun  design.  The  frequency  of  collisions  being  directly  relatml 
to  the  concentration  of  gas  molecules  in  the  chamber  is  still  not  significantly  increased  to  reduce  weld  penetration 
noticeably  at  10  to  100  torr.  Above  100  torr,  however,  penetration  rapidly  deteriorates  until  at  760  torr  gun-to- 
work  distances  are  reduced  to  less  than  one-half  inch  to  penetrate  sheet-metal  steels.  This  is  very  similar  to 
most  arc-welding  process  arc  length  re((uirements.  It  is  also  generally  necessai-y  to  employ  high  voltages  of  100 
! to  175  kv  to  weld  at  atmospheric  pressure. 

i The  excellent  purity  levels  of  the  hard  vacuum  assure  that  interstitial  pickup  of  oxjgen,  nitrogen  and  hydrogen 

^ in  the  weld  is  virtually  eliminated.  Hydrogen  has  been  generally  blamed  for  most  of  the  problems  experienced  with 

, titanium  weldments  in  the  past  and  only  high  hydrogen  in  the  base  material  or  that  resulting  from  improper  joint 

preparation  can  cause  problems.  Although  purity  of  atmosphere  has  been  generally  cited  as  the  main  advantage  for 
using  vacuum  EB  welding,  other  advantages  of  vacuum  welding  have  been  ignored  in  the  past. 

The  comparison  of  the  EB  center  wing  box  structure  application  with  the  GTA  steel  carry-through  structural 
application  demonstrates  readily  the  advantages  of  electron-beam  welding  for  priman-  aircraft  structure.  The  ad- 
• vantages  include: 

• High  depth-to-width  ratios  and  narrow  weld  beads  produced  in  2-in. -thick  material  in  a single  welding  p;iss 
I (no  filler  wire  necessary) 

I • Small  grains  in  welds  with  narrow  heat-affected  zones  resulting  in  Improved  static  and  dynamic  mechanical 

properties  (joint  efficiencies  approaching  lOOT  base  metal) 

I 


• Extremely  pure  welding  atmosphere  in  vacuum  chamber  virtually  eliminates  weld  contamination 
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fable  III  I'ompariaon  of  Welding  Proceases  llaaed  on  I'eabtlily  Characterlstica 


USABILITY 

CHARACTERISTIC 

EB  WELDING 

PA  WELDING 

GTA  WELDING 

GMA  WELDING 

COMMON  THICKNESS 
RANGE.  IN. 

FOIL  TO  3 

1/8  TO  3/8 

1/32  TO  1/4 

1/4  TO  3< 

EASE  OF  APPLICA 

TION 

FAIR  TO 
GOOD 

GOOD 

GOOD 

FAIR 

EASE  OF  WELDING 

EXCELLENT 

GOOD 

GOOD 

DIFFICULT 

GROOVED  JOINT 
REQUIRED 

NO 

NO 

OFTEN 

ALWAYS 

AUTOMATIC  OR 
MANUAL 

AUTOMATIC 

BOTH 

BOTH 

AUTOMATIC 

MECHANICAL 

PROPERTIES 

EXCELLENT 

GOOD 

FAIR 

FAIR 

QUALITY  OF 

JOINT 

EXCELLENT 

EXCELLENT 

GOOD 

GOOD  FAIR 

Table  I\'  Comparison  of  Welding  Processes  Based  on  Cost  Factors 


COST  FACTOR 

EB  WELDING 

PA  WELDING 

GTA  WELDING 

GMA  WELDING 

EOUIPMENT 

VERY  HIGH 

MODERATE 

LOW 

HIGH 

WELDING  (LESS 
EQUIPMENT) 

LOW 

LOW 

HIGH 

MODERATE 

WIRE  REQUIRED 

NO 

SOMETIMES 

OFTEN 

ALWAYS 

V GROOVE  REQUIRED 

NO 

NO 

OFTEN 

ALWAYS 

DISTORTION 

VERY  LOW 

MODERATE 

VERY  HIGH 

HIGH 

Table  V - Effect  of  Pressure  Level  on  Purity  of  Atmosphere 
and  Relative  Frequency  of  Gas  Molecule  Collisions 


PRESSURE, 

TORR 

GASES, 

PPM 

NUMBER  OF 
MOLECULES* 

REL  FREQUENCY 
OF  COLLISIONS 

10  5 

0.01 

5,800 

1 

10^ 

1.3 

580,000 

100 

10  ’ 

132 

58,000,000 

10,000 

4 X 10  ’ 

500 

-- 

-- 

760 

-- 

4.4  X 10” 

100,000,000 

•IN  A CUBE  0.001  IN. (0.0254mm)  ON  A SIDE 
(A  VOLUME  OF  10  6 CU  IN.  OR  16.4  X 10  6 CU  MM) 


a High  welding  speeds  of  15  to  60  in. /min  normally  used  for  thicknesses  1/2  in.  or  greater  resulting  in 
excellent  shrinkage  and  distortion  control 

• Mechanized  welding  operation  resulting  in  repeatable  electron -beam  weld  certifications 

• Minimized  machining  of  weld  joints  (straight  butt  welds,  no  grooves  employed) 

• All  thicknesses  weldable  with  the  same  EB  gun 

• Generally,  even  high-strength  steels  can  be  EB  welded  without  preheating. 

For  the  last  eight  years,  Grumman  has  been  using  EB  welding  as  a production  method  on  the  F-1  lA  Naval  Air 
Superiority  Fighter  Aircraft.  Figures  1 and  3 show  the  wing  center  box  and  its  location  in  the  aircraft.  Over  300 
of  these  structures  have  been  produce<l  and  accepted  by  quality  assurance  for  actual  use.  This  structui  e uses  Ti- 
6A1-4V  titanium  alloy  in  the  annealed  condition  which  has  resulterl  in  improved  material  utilization  when  coupleii  with 
EB  welding  to  minimize  weight  and  cost. 


;-h 


fH  STEEL 
□ ALUMINUM 


Fig.  3 F-H  Structural  Components 

Figure  I shows  the  layout  of  the  self-contained  pro<luction  facility  which  includes  controlled  areas  for  welding, 
(|uality  assurance,  machining,  heat  treating,  chemical  cleaning  and  forming  oixjrations.  The  welding  facility 
(Figure  5)  is  located  in  an  enclose<l,  positive-pressure,  clean  area  (80,250  ft -I  in  the  southeast  comer  of  a major 
production  plant.  Table  VI  shows  the  KB  welding  chamljer  capacities.  Included  in  this  area  is  a small  developnteni 
KB  welder,  offices  for  production  support  personnel  directly  related  to  tlie  KB  welding  operation,  a large  proiluction 
welding  zone  containing  the  four  tunnel  welders  and  one  clamshell  KB  welder,  plus  additional  space  for  loading  and 
unloading  each  welder,  and  another  large  area  where  details  and  assemblies  are  stored  and  loaiieil  into  fixtures  for 
cleaning  and  pre-fitting  prior  to  welding.  Seven  electron-beam  welders  are  located  in  or  near  the  welding  area 
(development,  clamshell,  tunnel  (4).  and  sliding-seal).  Previous  work  on  the  sliding-seal  is  presented  in  a 
subsequent  section. 


The  KB  gun  essentially  consists  of  an  electrode,  an  anode  and  a focusing  coil.  Magnetic  focusing,  oscillation 
and  deflection  are  protidetl.  Welding  parameters  relating  to  the  gun  are: 

• t'oltage  and  Current  - directly  affects  penetration  in  proportion  to  the  variation 

• Focus  - inversely  affects  penetration  in  proportion  to  the  power  <lensity  variation 

• Welding  Speed  - distributes  power  over  a given  distance  in  a given  time  and  generally  inversely  affects 
penetration. 

Automatic  monitoring  of  the  operation  is  aided  by  a digital  position  readout  system  which  displays  the  position 
of  the  gun  relative  to  the  part.  Measurement  errors  with  the  device  are  noncumulative.  tn  addition,  a scanner  is 
available  to  display  an  image  of  the  weld  joint  on  an  oscilloscope  prior  to  welding.  It  shows  the  relationship  between 
the  beam  and  the  weld  joint  center-line.  A closed- circuit  TV  system  with  the  camera  in  the  KB  gun  uses  a 45- deg 
mirror  to  show  the  geometrical  beam  location. 

Kxperience  with  F-14A  KB  welding  includes  design,  fabrication  and  successful  static  and  flight-testing  of  an 
all-welded  center  wing  box,  and  outer  wing  covers  KB  welded  to  the  required  pivot  fittings.  All  of  the  material 
is  annealed  Ti-fiAl-4\'  titanium  alloy  plate  and  forgings,  except  for  the  upper  wing  cover/pivot  assembly  which  is 
annealed  Ti-6AI-()V'-2Sn  titanium  alloy. 

As  a result  of  the  successful  fabrication  and  test  evaluation  of  an  ex-perimental  electron-beam-welde<l  torque 
box,  a full-scale  box  was  designed  for  the  F-14A.  Figure  6 shows  the  weld  land  configuration  that  was  use<i  to  weld 
the  70  straight  butt  welds  (89  in  number  when  the  first  boxes  were  fabricated).  Kxtensive  test  work  showed  that 
by  using  scribed  witness  lines  on  the  top  and  root-side  of  each  joint,  misse<l  joints  and  other  defects  could  Ijc 
readily  identified,  even  prior  to  radiographic  examination.  Cither  efforts  were  directed  toward  parametric  .studies 
on  various  gages  to  e.stablish  optimum  weld  bead  shapes  and  widths.  A relatively  parallel-sided  weld  of  uniform 
width  was  developed.  Minimum  weld  widths  of  0.070  to  0.080  in.  were  made  to  assure  that  intemal  misscil  seams 
were  not  encountered  in  production  welding.  The  witness  lines  on  the  top  and  root  side  of  he  weld  help  to  locate  the 
position  of  the  weld  bead  relative  to  the  original  joint.  It  is  required  that  at  least  0.015  in.  of  weld  be  measur.ible 
on  each  side  of  the  joint  for  acceptance. 

The  results  of  fatigue  and  fracture  toughness  tests  were  established  to  finalize  the  design  of  the  box.  Beweld 
studies  were  accomplished  to  determine  the  effect  of  rewelding  on  mechanical  properties  as  well.  It  was  focmd  that 
multiple  rewelds  were  not  detrimental;  as  a result,  various  defects  can  be  KB  repaired.  Investigation  showed  that 
fatigue  properties  w'ere  reduced  by  leaving  the  weld  reinforcement  intact  or  by  eliminating  stress  relief  after  welding. 
Kssentially  100  percent  fatigue  efficiency  is  obtained  when  reinforcement  is  removed  ami  a stress  relief  at  I200OF 
for  ( hr  is  utilized  after  welding  (Fig.  7),  txiwer  stress  relief  (emperature.s  reduce  efficiency.  Fraclure  toughness 
requirements  call  for  Kfc  of  70.0  for  ba.se  met.Tl  and  a minimum  of  .'17.  5 for  KB-wcldod  plated  Fatigue  flaw  growth 
tests  were  also  run  to  establish  critical  flaw  sizes  for  twice  the  siwctrum  fatigue  life  of  the  aircraft  (Fig.  8 and  9). 
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Fig.  4 Electron- Beam  Welding  and  Related  Facilities 


Fig.  5 Grumman  EB  Welding  Facility 
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Table  VI  KH  Welding  Chamber  Capaelties 


CHAMBER 

TYPE 

MAX. 

POWER, 

kw 

MAX. 

VOLTAGE, 

kv 

APPROX. 
CHAMBER 
vol,  ft3 

GUN  MOBILITY, 
in. 

USE 

X 

Y 

Z 

CLAMSHELL 

30 

60 

2680 

310 

68 

12 

PRODUCTION 

TUNNEL  1 

30 

60 

2480 

242 

70 

54 

PRODUCTION 

TUNNEL2 

45 

60 

2980 

300 

70 

54 

PRODUCTION 

TUNNELS381  4 

30 

60 

930 

114 

53  • 

36 

PRODUCTION 

BOX 

30 

60 

83 

41.5 

24’ 

16  5 

DEVELOPMENT 

•GUN  STATIONARY;  MOBILE  TABLE  PROVIDES  Y MOVEMENT  OF  PART 


Fig.  fi  E13  Weld  Land  Configuration 
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Fig.  7 EB  Welded  Ti-6A1-4V  Ann.  Plate-Weld  Perpendicular  to  Ix)ading 
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Fig.  8 Constant-Amplitude  Surface  Flaw  Growth  Data 
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Fig.  9 1-Inc)i  EB  Welding  Ti-6-4  F-14  Wing  Speclnim 

Tlie  center  wing  box  is  essentially  manufactured  in  mcMiular  construction  from  four  l^asic  boxes.  Starting  at 
the  left  end  of  the  box,  there  is  LII  outboard  module,  I.II  inboard  mo<iule,  UII  inboard  module  and  BH  outl»ard  mod- 
ule. Each  module  is  initially  fabricated  from  its  own  Ijottom  plate,  side  plates,  end  plates  and  rib  stiffeners.  Be- 
cause the  top  of  the  box  is  welded  on  last,  initial  module  joining  includes  inboard-to-outboard  modules.  The  left 
side  of  the  box  is  then  joined  to  the  right  side  of  the  midpoint  transverse  centerline.  The  top  covers  are  then 
sequentially  installed.  Since  forgings  have  become  available,  the  numlier  of  welds  have  been  reduced  to  70.  Of 
these,  52  welds  are  greater  than  one-inch  thick  and  eight  are  greater  than  1.9-in.  thick.  The  smallest  gage  is 

0.580-in.  thick.  It  takes  25  setups  to  fabricate  each  wing  center-section.  All  electron-beam  welds  employ  start  and 
stop  tabs  integrally  attached  to  the  part,  where  possible,  to  avoid  defects  associated  with  starting  and  stopping  of 
the  weld.  Integral  tabs  are  essential,  particularly  for  deep  welds,  to  assure  proper  solidification  and  prevention 
of  bursts  near  the  finish-end  of  the  welds. 


The  operational  sequence  for  production  weldments  is: 

1.  Prefit 

2.  Apply  witness  lines 

3.  Clean 


9.  X-ray  inspection 

10.  Ultrasonic  inspection 

11.  Clean 


4.  Setup 

5.  EB  weld 

6.  Visu<tl  inspection 

7.  Witness  line  inspection 


8.  Machine  weld 


12.  Stress  relieve 


13.  Ilescale 


14.  Penetrant  inspection 

15.  Clean 


Upper  and  lower  wing  covers  are  fabricated  using  essentially  the  same  procedures.  However,  the  wing  plank 
is  hot  formed  to  a moderate  curvature  prior  to  welding.  The  initial  weld  in  a typical  wing  cover  is  a relatively  short 
one  joining  the  pivot  section  to  an  actuator  piece  on  the  inboard  wing  cover.  After  removal  of  end  tabs  and  final 
machining,  the  inboard  cover  is  welded  to  the  outboard  cover.  Figure  10  shows  this  weld  being  made  and  the  related 
tooling  required. 

To  date,  over  150  wing  center  boxes  and  many  sets  of  wing  covers  have  been  EB  welded  and  accepted  by- 
quality  assurance  for  flight  and  as  test  articles. 

In  addition  to  the  above  F-14  work,  Grumman  has  also  EB  welded  the  following  initial  major  structure.'  for  the 
companies  indicated; 

• Messerschmidt-Bolkow-Blohm  - Multi-Role  Combat  Aircraft  (MRCA)  wing  center  section  (Fig.  11) 

• Boeing- Vertol  - UTTAS  Helicopter  swashplates  (Fig.  12) 

• Das.sault  - Mirage  G8A  wing  panel. 

The  uniqueness  of  EB  welding  is  easily  shown  if  we  consider  a weld  joint  that  is  greater  than  one  inch  thick 
and  is  heavier  on  one  side  of  the  joint  than  on  the  other  side.  How  would  you  weld  it  to  produce  minimum  weight, 
co.st,  shrinkage  and  distortion?  Figure  13  show-s  the  joint  design  choices  you  would  have  between  EB  welding  and 
the  major  arc-welding  processes  presently  available  for  production  welding  of  heavy  sections  with  a minimum  num- 
ber of  weld  passes.  EB  welding  is  the  only  process  that  can  produce  the  weld  in  the  configuration  denoted  by  the 
solid  outline  in  Fig.  13  without  adding  additional  metal  in  the  joint  area.  A typical  requirement  of  other  processes 
for  a welding  groove  is  depicted  by  the  dashed  lines  in  Fig.  13.  Costs  are  also  increased  significantly  when  filler 
metal  and  shielding  ga.ses  are  required  for-welding  such  joints.  Contamination  is  also  a danger  when  welding  out- 
of-chamber.  The  EB  process  is  self-correcting  in  this  respect,  since  the  EB  gun  will  automatically  shut  off  when 
the  vacuum  pressure  in  the  chamber  exceeds  about  10”^  torr. 


Figure  14  shows  that  the  major  cost  factors  in  most  welding  processes  are  lalx)r  and  overhead.  The  filler 
metal  and  protective  gas  requirements,  however,  can  also  increase  costa  significantly,  particularly  when  welding 
joints  greater  than  l/4-ln.  thick. 


Fig.  10  Kll  Welding  F-ll  Wing  Cover  to  Pivot  I.ug 


EB  WELDED  WING  CENTER  SECTION  - 
MULTI-ROLE  COMBAT  AIRCRAFT  (MRCA) 


Fig.  11  EB  Welded  Wing  Center  Section  - Multi-Role  Combat  Aircraft  (MRCA) 


EB  JOINT  SECTION 


Ftg.  13  Schematic  Comparison  of  EBVV  Straight  Butt  Joint  with 
V-Groove  Joint  Necessary  for  Arc  Welding 
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WELDABIUTY  OF  BETA  TITANIUM  ALLOYS 

A study  (Ref,  1)  was  conducted  recently  to  establish  welding  methods  for  two  advanced  titanium  alloys  which 
are  promising  candidates  for  future  aircraft  welded  construction.  The  alloys  investigated  were  of  the  beta  type 
and  are  designated  as  Tl-3Al-8V-6Cr-4  Mo-4Zr  (Beta  C)  and  Tl-8Mo-8V-2Fe-3Al  (Tl-8-8-2-3). 

Welding  techniques  and  parameters  were  developed  for  pulsed  gas-tungsten-arc  welding  0. 1-ln.  -thick  Beta 
C;  plasma-arc  welding  0.1-In.  and  0. 5-ln. -thick  Beta  C and  0.  5-in. -thick  Ti-8-8-2-3;  and  electron-beam  welding 
of  0. 5-ln. -thick  Beta  C and  Tl-8-8-2-3  and  1.0-in. -thick  Beta  C.  In  addition,  weld  shrinkage  and  distortion,  gap 
allowables  (with  and  without  filler  wire),  and  weld  repair  procedures  were  evaluated.  Since  both  the  Beta  C and 
Tl-8-8-2-3  alloys  must  be  aged  for  greater  strength,  heat  treatment  cycles  were  evaluated  to  attempt  to  optimize 
the  alloy  and  weldment  ductility  and  toughness  in  the  150  to  170-ksl  range.  Both  partlal-age-weld-partial-age  and 
weld-plus-age  cycles  were  evaluated.  The  optimum  heat  treatment  cycles  for  each  alloy/thickness  combination  con- 
sisted of  post-weld  ages  as  follows: 

• 0, 1-in. -thick  Beta  C:  1100°F  for  3 hr 

• 0. 5-in, -thick  Beta  C:  1050°F  for  8 hr 

• 1. 0-in. -thick  Beta  C;  1030°F  for  8 hr 


• 0.5-in. -thick  Ti-8-8-2-3!  1000°F  for  24  hr. 


300 


REF:  AFMLTR  66  22,  FEB  1966 
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PLATE  THICKNESS,  IN. 

Fig.  14  Process  Cost  for  Welding  Maraging  Steel  (18Ni-8Co-5Mo) 

24"  Diam,  Cylinder  - Two  Heads/Cyl. 

Weldment  property  evaluation  of  optimally  heat  treated  Beta  C and  Ti-8-8-2-3  for  each  weld  process/thickness 
combination  included  tensile,  fatigue,  fracture  toughness  and  stress  corrosion  testing. 

The  best  combinations  of  yield  strength,  ductility  and  toughness,  as  well  as  fatigue  endurance  strength,  were 
obtained  in  plasma-arc  and  electron-beam  welded  0.5-ln. -thick  Tl-8-8-2-3.  Plasma-arc  welded  Tl-8-8-2-3 
exhibited  168.7  (average)  ksi  yield  strength  with  3.5%  elongation  and  60  ksi  fatigue  endurance  strength,  while  elec- 
tron-beam welded  0. 5-ln. -thick  Tl-8-8-2-3  exhibited  165  (average)  ksi  yield  strength  with  7%  elongation  and  55 
ksi  fatigue  endurance  strength.  Fracture  toughness  values  for  plasma-arc  and  EB  welded  Ti-8-8-2-3  were  38-45  ksi 
^n7  and  55-58  ksi  yin. , respectively  (Fig.  15). 

As  a result,  both  the  plasma-arc  and  electron-beam  welding  processes  were  selected  to  weld  a Tl-8-8-2-3 
subscale  airframe  component  to  permit  further  comparisons  between  the  processes.  The  subscale  component 
selected  was  an  F-14A  wing  pivot  actuator-to-cover  splice  joint.  Components  were  successfully  welded  with  both 
welding  processes.  Constant-amplitude  tension-tension  fatigue  testing  of  specimens  removed  from  the  subscale 
components  yielded  fatigue  endurance  strengths  of  60  ksi  for  plasma-arc  welding  and  65  ksi  for  EB  welding.  In  both 
cases,  properties  equalled  or  exceeded  parametric  results. 

These  results  indicate  that  for  statically  critical  joints  the  beta  alloys  offer  significant  promise  as  electron- 
beam  or  plasma-arc  weldments.  For  fatigue-critical  joints,  the  alpha-beta  alloys  still  afford  better  strength  levels. 

SUDING-SEAL  ELECTRON-BEAM  WELDING 

In  the  early  part  of  this  decade  the  Air  Force  sponsored  a program  at  Grumman  on  Sliding-Seal  Electron- 
Beam  (SSEB)  Welding.  (Ref.  2).  The  SSEB  welding  system  utilized  in  this  program  (Fig.  16)  was  designed  and 
manufactured  by  Sciaky  Bros. , Inc. , under  Air  Force  contract.  This  unit  consists  of  a portable,  vacuum,  moving 
EB  welding  head  mounted  on  a ram  manipulator,  backup  tooling,  and  associated  power  supply  and  controls.  The 
power  capacity  of  this  unit  is  30  kw  (60  kv,  500  ma)  and  Is  capable  of  welding  at  vacuum  pressures  ranging  between 
1 X 10*4  torr  and  100  Hg.  The  backup-table  vacuum  pressure  is  maintain^  between  10  and  50m  Hg.  The  vacuum 
in  the  moving  welding  head  is  obtained  by  pumping  between  two  silicone  nibber  vacuum  seals  (in  the  head)  that  ride 
on  the  workpiece  being  welded. 


mmss. 
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Fig.  15  Comparison  of  K.  /F  - Program  Beta  Alloys  With  Ti-6A1-4V  and  Ti-6Al-6V-2Sn, 


Fig.  16  Sliding-Seal  Electron-Beam  Welding  Equipment 
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The  ram  manipulator,  which  supports  the  weldlntt  head  and  associated  vacuum  pumplnt;  equipment,  is  capal>le 
of  traversing  a distance  of  6 ft  in  the  flat  position  (X-axis)  and  5 ft  in  the  vertical  position  (X-axis).  The  vacuum- 
sealed  backup  tool  is  capable  of  being  used  in  the  flat  position  or  remounted  in  the  vertical  position.  Use  of  the 
SSKH  welder  permits  welding  of  large  aerospace  structures  that  cannot  be  welded  In  available  chamliers.  The  ram- 
manipulateil  boom  and  column  assembly  is  mounted  on  a rotatable  base,  which  provides  3C0-deg  rotation  atx>ut 
the  X-axis.  This  rotation  permits  positioning  of  the  local  welding  chandler  over  the  joint  to  Ixj  welded  and  welding 
in  more  than  one  quadrant.  The  KB  gun,  local  welding  chamber  and  associated  vacuum  pumping  equipment  are 
mounted  on  the  end  of  the  boom  to  reduce  the  length  of  the  pumping  lines. 

The  SSKB  welder  was  installed  at  Grumman  in  a production  plant  area  adjacent  to  the  KB  welding  facility.  The 
SSKB  welding  equipment  was  used  to  establish  optimum  welding  parameters  for  square  butt  joints  made  from  0,  250- , 
0.500-,  0.750-,  and  1. 00-in. -thick  201'l-Tti51  aluminum  alloy  plate  and  annealed  Ti-OAl-lV  alloy  plate,  and  1.00-in.- 
thick  iIY-l;lO  steel  alloy  plate.  St-al  reliability,  filler  metal  addition,  repair  weldability  and  proper  seal-pass  tech- 
niques were  determined  and  verified  for  subsequent  efforts  to  extend  the  SSKB  welding  process  to  production  hardware. 
Tensile,  fatigue  and  fracture  toughness  data  were  obtained  on  typical  square  butt  welds  in  the  above  thicknesses  made 
by  flat  and  vertical  welding  techniques.  All  weldments  were  non-destructlvely  tested  by  radiographic,  dye-penetrant 
and  ultrasonic  methods.  Metallographic  results  were  correlate<l  with  mechanical  properties. 

The  SSKB  welding  equipment  was  also  used  to  demonstrate  its  capability  to  fabricate  a simulated  structural 
component  - a stiffened  titanium  wing  skin  panel.  The  welded  panel  was  subjected  to  fatigue  tests  under  simulated 
loadings  for  advanced  fighter  aircraft  structures.  The  panel  was  also  evaluated  for  repair  capability,  weld 
penetration,  surface  and  underbead  appearance,  shrinkage  and  distortion.  Weld  soundness  of  the  panel  was  deter- 
mined by  r^iographic,  dye-penetrant  and  ultrasonic  inspection  techniques.  All  test  results  were  tabulated,  re- 
viewed, analyz^  and  compared  with  results  available  on  similar  structural  components  welded  in  the  large, 

Grumman  EB  welding  chambers  and  on  gas-tungsten-arc  (GTA)  or  gas-metallic-arc  (GMA)  equipment. 

The  status  of  the  SSKB  welding  equipment  at  the  conclusion  of  the  program  can  be  summarized  as  follows: 

• Aerospace- quality,  flat  butt  panels  up  to  2 ft  in  length  are  fabricable  from: 

- 1/4-  to  1-in. -thick  2014-T651  aluminum  alloy  plate 

- 0.190-  to  0.940-ir.. -thick  TI-6A1-4V  titanium  alloy  plate 

- 0.440-in. -thick  HY-130  steel  alloy  plate 

• Optimized  SSKB  welding  parameters  are  similar  to  hard  vacuum  EB  welding  parameters  for  Ti-6Al-4\' 
titanium  and  2014-T6  aluminum  alloy 

• Tensile,  fatigue  and  fracture  toughness  values  obtained  for  SSEB  butt  welds  are  comparable  to  production 
EB  weld  properties  for  Ti-6A1-4V  titanium  alloy 

- Tensile  fatigue  joint  efficiencies  = 100'?  of  base  metal 

- Fracture  toughness  (Kic)  = 39.0,  minimum,  for  base  metal  having  Fty  = 55.  4 ksi 

• GTA  butt  joint  seal  welding  prior  to  full-penetration  SSEB  welding  produced  porosity-free  welds  in  all 
alloys  and  thicknesses  used  in  this  program 

• Penetration  in  SSEB  welds  can  be  obtained  readily  in  thicknesses  up  to: 

- 2.0  in.  for  2014-T6  aluminum  alloy 

- 1.5  in.  for  Ti-6A1-4V  titanium  alloy 

Heavier  gages  are  feasible  for  short  welds  (up  to  2 ft  long) 

• Tensile  and  fatigue  strengths  for  SSEB  welded  2014-T6  aluminum  alloy  are  comparable  to  EB  hard  vacuum 
welds 

- Tensile  joint  efficiency  = 75-80%  of  base  metal 

- GTAW  joint  efficiency  = 65'X.  of  base  metal 

- GMAW  joint  efficiency  ■=  60'?  of  base  metal 

• *^IC  fracture  toughness  of  SSEB  welds  in  2014-T6  aluminum  alloy  requires  thicknesses  greater  than  one 
inch  for  valid  data  acquisition 

• SSEB  welding  of  2014-T6  aluminum  alloy  at  speeds  greater  than  60-80  in.  /min  degrades  mechanical 
properties  and  can  result  in  transverse  cracks  at  the  fusion  line  and  in  the  weld  bead 

• Welds  were  limited  to  2 ft  by  fixture  size  and  boom  travel  distance. 

A follow-on  contract  for  SSEB  welding  (Ref.  3)  was  directed  to  provide  the  process  with  more  flexibility  for 
a variety  of  applications.  Particular  attention  was  given  to  long-length  flat  welds,  large  cylinder  welds,  special 
joint  configurations  (e.g. , tees)  and  the  welding  of  an  actual  airframe  part.  A preheat  welding  chamber  was 
also  evaluated  for  crack-sensitive  steel  welding. 
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Fig.  17  Flat  Plate  Welding  Fixture  .Setup  for  12-ft-Iong  Aluminum  Uult  Weld 
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First,  a lung  Hut-plate  welding  fixture  (Fig.  17)  eupatjle  of  welding  plates  up  to  13  ft  lung  with  a stationary 
S8FH  gun  .and  moving  part-pieoe  was  evaluated  (or  welding  aluminum  and  titanium  alloys.  A (1  TA  sealing  pass 
was  employed  to  maintain  the  vaeuum  when  Kli  welding  full-penetration  passes.  Seal  wear  was  no  problem  with 
aluminum  alloys  and  hundreds  of  feet  were  welde<l.  However,  for  titanium  alloys,  only  one  to  two  plates  could 
be  welded  before  seals  hud  to  Ix'  changed.  I'his  was  primarily  caused  by  crown  on  the  weld  bead  and  heal. 


A special  shapes  small  chamber  was  next  evaluated  for  butt  welding  tec-shapes  as  shown  In  Fig.  Is.  A 
weld  was  ni.ade  through  a 3 j-in.-longslut  in  the  cover  which  was  completely  cixitained  within  the  sliding  seals  on 
the  gun  during  the  entire  length  of  the  weld  (aiwut  :i  in. ).  To  make  llw  second  weld  In  the  tee,  the  pieces  were 
rotated  ninety  degrees  to  weld  in  the  down-hand  position.  Iloth  aluminum  and  tit.antium  tees  were  readily  welded. 
The  molded  U TV  silicone  rublx-r  seals  performed  with  no  problems  luiil  vacuums  around  10  to  30  torr  were 
readily  obtainable  with  no  leaking  around  the  shapes. 

Welding  was  also  successful  at  temperatures  of  300°F  to  450°F  on  I1Y130  smd  DtiAC  high-strength  steels. 
Figure  19  shows  the  welding  setup  with  the  variac  power  control  :uid  temperature  recorder  with  the  sliding  seal 
in  position  for  welding.  No  problems  on  seal  wear  or  sticking  on  heat-up  were  experienced.  I he  top  cover  was 
aluminum  in  this  case  :md  its  thermal  diffusivity  apparently  Is  optimum  for  this  kind  of  weldini^  lempc-rature 
stability  of  the  heat-up  is  excellent.  With  the  heater  power  off,  the  tempt-raturc  drop  from  250  I was  alx>ut 
10-15  deg  in  :m  hour.  Some  lead  shielding  was  provided  in  the  sealing  areas  to  prevent  rsullation  ex|K>sure  which 
was  monitored  by  the  Safety  IX^partment. 

As  a conclusion  to  this  program,  an  F-llA  Wing  Closure  Hearn  (a  production  parti  was  selected  for  SSKH 
welding  to  demonstrate  capability  to  used  airframe  parts.  A fabricated  vacuum  ch.amber  was  set  up  on  Itw  flat 
weld  table  rail  assembly  and  was  successfully  used  to  produce  9-ft-long  welds  Joining  two  Tl-<lAl-()V-2.Sn  alloy 
l,-e.\trusions  to  produce  five  wing  beams  (Fig.  20|.  One  radiographically  sound  wing  lx>am  was  used  to  determine 
mech.anical  property  data.  Tensile  efficiency  was  100',  with  all  wehl  failures  in  the  parent  metal.  Fracture 
toughness  for  welds  was  27.5  ksi^iiT.  compared  to  ba.se  metal  at  -15.4  ksl  Jin.  Fatigue  endurance  was  at  55  ksi, 
lower  than  expected.  It  was  later  found  th.at  a ch.angc  in  the  cleaning  procedure  would  eliminate  very  small- 
diameter  pores  near  the  surface  which  were  not  detected  !md  apparently  led  to  early  failures  in  fatigue. 

In  general,  it  can  be  concluded  that  sliding-seal  or  other  mobile  welding  systems  should  see  increasing  ap- 
plications in  the  ne-xt  decade  if  welding  Is  used  significantly  on  .aircraft.  Hcporls  from  other  industries  such  .as 
marine  and  nuclear  certainly  Indicate  that,  even  if  the  aerosp.ace  industry  does  not  use  the  process,  it  will  still 
be  used  elsewhere. 

PLASMA-AKC  WELDING 


Plasma-arc  welding  (PAW)  is  similar  to  both  GTA  and  EB  welding,  but  also  maintains  several  unique  charac- 
teristics. Though  it  is  basically  an  arc-welding  process,  it  is  unusual  in  th.at  the  primary  heat  Input  is  due  to  a 
constricted  plasma  column  cre<ated  by  the  arc  between  the  tungsten  electrode  and  the  workpiece  ;md  directed 
.against  the  latter.  Because  of  this  constriction,  grc.ater  energy  concentration,  higher  velocity  and  higher  temper- 
atures are  available  in  PAW  th.an  in  other  arc  processes.  In  addition,  keyhole  welding,  which  is  similar  to  full- 
penetr.ation  EB  welding,  can  lx‘  accomplished.  I'hc  plasma-arc  weld  thus  has  a characteristically  high  deplh-to- 
width  ratio  with  a uniform  underbead. 


Spet  ial  Shapes  Weld  Fixture  Setup  for  l op  W eld  on  I ee  .Vnple 


Preheat  Steel  Welilinp  Fixture  Setup  Showinp  \ ariae  I’ower  C ontn'l 
and  Strip  Chart  Uccorder 
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FiK.  20  Five,  O-Foot-Long,  SSKB  Welded  Winn  Beams 


Figure  21  shows  schematically  the  arrangement  to  produce  the  constricted  arc  and  the  important  variables. 
Around  the  central  electrode  is  an  orifice  gas  tube.  The  constriction  at  the  bottom  end  is  normally  referred  to 
as  the  nozzle  end.  It  is  extremely  import;mt  that  the  electrode  be  centered  very  accurately  to  prevent  loss  of 
maximum  penetration  capability. 

Also  under  certain  conditions  the  plasma-arc  is  interrupted  from  the  transferred- mo<lc  to  what  is  known  as 
double-arcing  (i.e. , the  arc  is  transferred  to  the  outer  gas  shielding  cup  shown).  This  condition  is  troublesome  in 
welding  thick  plate,  but  has  been  controlled  by  using  non-metallic  out -gas  cups.  Modification  of  the  nozzle  shape 
has  also  helped  to  alleviate  this  problem  in  making  welds  up  to  one  inch  thick  in  a single  pass. 

Figures  22  and  23  show  trailing  shield  arrangements  that  have  been  used  to  successfully  weld  titanium  1 2-in. 
thick  or  more.  The  bulkier  arrangement  in  Fig.  22  provides  viewing  ports  and  a manometer  for  monitoring  the 
internal  positive  pressure  of  the  gas  blanket.  Tables  Vll  and  VIII  give  the  advantages  and  disadvantages  of 
plasma-arc  welding  versus  gas-tungstcn-arc  and  electron-beam  welding. 

Figure  24  shows  a weld  produced  in  0.923-in. -thick  titanium  plate  in  a single  pass  which  was  an  objective  of 
;ui  Air  Force  program  (Bef.  4).  A gap  about  0.000  in.  is  necessary  prior  to  welding  with  filler  wire.  Shrinkage 
:,n  the  joint  is  0.050  in.  For  EBW  a comparable  joint  shrinkage  abi  t 0.015  in.  occurs. 

It  has  been  reported  (Kef.  5)  that  as  a result  of  this  work  PAW  has  been  applied  to  welding  the  Ti-OAl-  lt 
upper  cover  on  the  B-1  wing  carry-through  structure.  There  are  eight  joints  per  aircraft  around  5 ft  long  and 
1 2 in.  thick.  It  is  estimated  that  the  following  cost  reductions  are  obtained  versus  GTAW:  joint  preparation 
(75''  ),  setup  (80'.),  welding  {85',),  inspection  (07',),  filler  wire  (90,,),  facilities  (O';). 

In  the  work  mentioned  previously  on  the  beta  titanium  alloys,  costs  were  compared  for  plasma-arc  and 
electron-beam  welding  a hypothetical  aircraft  wing  joint  in  a produclion  run  of  1000  units.  The  joint  was  1 2 in. 
thick  single  butt  and  38  in.  long.  The  analysis  showed  that  costs  of  the  two  processes  arc  quite  similar.  While 
the  capital  equipment  cost  of  PAW  is  lower,  a higher  tooling  cost  is  required  both  to  shield  the  weld  in  arc  and  to 
resist  distortion  due  to  the  greater  propensity’  of  PAW  for  shrinkage  and  distortion.  A slower  produclion  rate  is 
reflective  of  both  the  longer  set-up  and  weld  times.  The  saving  which  might  lx-  achieved  by  the  somewhat  lower 
tolerance  and  fit  requirements  of  PA  weldments  compared  to  EB  weldments  was  not  factored  into  Ihi'  analysis. 
f)n  the  other  hand,  the  more  extensive  postweld  straightening,  which  PAW  would  probably  require,  was  not  ac- 
counted for  either. 

It  was  concluded  that,  in  view  of  the  small  difference  in  predicted  costs  lietwecn  PAW  and  EBW,  it  is  likely 
that  a decision  on  which  welding  process  was  to  be  used  for  a particular  joint  would  be  more  significantly  deter- 
mined by  other  factors. 
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FiK.  21  I’l.isma-Arc  Torch  Terminology 


Fig.  22  PAW  Shielding  Arrangement 
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Fig.  23  One-Foot-I.ong  Trailing  Shield  an(i  Welding  Fixture 
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Table  VII  Advantages  and  Disadvantages  of  Plasma-Are  Welding 
Compared  to  Gas-Tungsten- Arc  Welding 


ADVANTAGES 

• CLEANER  SURFACES  BECAUSE  OF  THE  SHIELDING  GAS  AROUND  THE  ARC 

• NO  TUNGSTEN  CONTAMINATION  FROM  THE  ELECTRODE 

• GREATER  SPEED  AT  EOUIVALENT  CURRENTS  BECAUSE  OF  THE  HIGHER 
ARC  CURRENT  DENSITY  IN  THE  CONSTRICTED  ARC  - - ESPECIALLY  SO 
FOR  THE  KEYHOLE  MODE 

• LESS  CRITICAL  STANDOFF,  BECAUSE  OF  LOWER  ARC  DIVERGENCE  AND, 
THEREFORE,  LESS  VARIATION  IN  WELD  BEAD  WIDTH 

• AT  VERY  LOW  CURRENT,  THE  PLASMA  ARC  IS  MORE  STABLE  THAN  THE 
GAS  TUNGSTEN  ARC 

• UPTO  50  PERCENT  LESS  CURRENT  REOUIRED  BECAUSE  OF  GREATER 
EFFICIENCY 

• LONGER  USABLE  ARC  BECAUSE  OF  LOWER  DIVERGENCE 

• GREATLY  INCREASED  PENETRATION  IN  KEYHOLE  MODE;  USE  OF  THE 
LOWER  COST  SOUARE  BUTT  CONFIGURATION  FOR  WELDS  OVER  1/8  INCH 

• NARROWER  WELD  BEADS;  LESS  HEAT  EFFECT 
DISADVANTAGES 

• DANGER  OF  BURN  THROUGH  BECAUSE  OF  HIGHER  HEAT  CONCENTRATION 

• HIGHER  EQUIPMENT  AND  OPERATING  (INERT  GAS  CONSUMPTION)  COST 

• SHORT  ORIFICE  LIFE 


Table  VIII  Advantages  and  Disadvantages  of  Plasma-Arc  Welding 
Compared  to  Electron-Beam  Welding 


ADVANTAGES 

• WIDER  WELD  WITH  LESS  CHANCE  OF  MISSED  SEAMS 

• WELDING  PERFORMED  OUTSIDE  OF  VACUUM  CHAMBER  FOR  GREATER 
ACCESSIBILITY,  LOWER  COST  AND  MORE  VERSATILITY 

• LOWER  EQUIPMENT  AND  OPERATING  COSTS 
DISADVANTAGES 

• HIGHER  CONTAMINATION  THAN  EB  VACUUM  WELDS 

• LOWER  WELDING  SPEED 

• SHORTER  SOURCE  TO  MATERIAL  DISTANCE 

• LESS  PENETRATION 

• WIDER  WELD  BEADS;  GREATER  HEAT  EFFECT,  DISTORTION 


PULSED-ARC  TUBE  WELDING 

Even  though  the  previous  discussion  indicates  that  EBW  and  PAW  are  replacing  GTAW,  there  is  one  area 
where  the  latter  process  Is  very  reliable  and  is  generally  preferred.  Automated  GTA  welding  of  tubing  began  to 
be  used  around  1960.  Since  that  time,  there  have  been  many  advances  and  applications.  Although  brazing  and 
cryogenic  fittings  are  both  being  used  on  the  F-14  aircraft,  bench-welded  titanium  and  stainless  steel  fittings  have 
been  used  very  successfully  to  weld  about  1000  joints  per  aircraft,  ranging  from  3^16  In.  to  1-1  2 in.  in  diameter. 

Orbital-arc  tube  welding  is  another  name  given  to  this  process  because  it  is  more  descriptive  of  the  fact  that 
during  welding  the  tungsten  electrode  around  the  tube  Joint  to  effect  the  weld  In  an  Inert  atmosphere.  The  tubes 
are  held  stationary  and  butted  with  minmium  gaps  by  means  of  external  clamps  (Fig.  25). 

A number  of  other  applications  for  automated  GTA  tube  welding  have  been  mentioned  in  the  literature.  It 
has  been  applied  to  in-place  welding  of  stainless  steel  tubing  for  the  high-pressure  hydraulic  systems  of  the  I.-lOll 
Jet  transport  which  has  1500  welded  Joints.  A T-rlng  for  filler  at  the  Joint  Is  used  for  welding  21-6-9  stainless 
steel  tubing.  Hughes  Aircraft  has  used  the  orbital-arc  tube  welding  process  for  space  applications  of  aluminum 
tubing. 
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' I'ig.  25  Astro-Arc  Weld  Head  With  Offset  Clamp  for  Nut  and 

, Mandrel  Assembly  and  Accessories 

l itanium  tubing  was  considered  in  the  past  for  a number  of  applications.  Amonj;  these  were  the  air- 

plane, the  Dyna-Soar  mid  the  l.unar  Module.  .Vt  that  time,  however,  hi^h-quality  titanium  alloy  tubing  was  not 
avtdl.able  and  equipment,  particularly  the  weldins  head,  was  not  perfected  to  the  desjrce  necessary  for  in-plaee 
space  ret|Uiiements  and  re[x'atability.  In  the  late  IDiiO's,  however,  ri-.'i.\l-2.  5\'  alloy  tubinp  of  t;ood  quality  be- 
I came  available  :ind  the  necessary  power  supplies  and  wchlint;  heads  came  into  licinn,  and  were  marketed  in  the 

early  l!l70's. 

I'he  primary  reason  for  ehoosinn  titanium  lubinu  in  aircraft  hydraulic  .systems  is  its  good  strength-to-weight 
ratio,  titanium  also  has  a low  elastic  nuxlulus  at  room  .and  elevated  temperatures  which  results  in  a significant 
retiuetion  (about  50  i in  bending  stress  compared  with  steel  at  equal  deflection.  Its  attractive  corrosion  resistance 
I adds  to  its  desirability,  since  corrosion  coatings  are  not  generally  required  below  55n'’t.  li-().M-l\  alloy  is 

generally  not  considered  for  production  usage  because  of  fabrication  difficulties  at  the  tulie  mills  and  e.xcessive 
cost,  i’oor  formability  of  this  alloy  also  makes  it  difficult,  if  not  impossible,  to  use  it  for  bent  lines  eommonli 
j employed  in  aircraft  hydraulic  systems. 

1 f or  the  1-1 1.\  aircraft,  bench-welding  techniques  were  developed  early  in  I!)7]  for  joining  appropriate 

C.rumman-designcd  weldable  Djnatulx!  fittings  to  commercial  ;i21  stainless  steel  and  I'i-H.Al -2.  5\  litanium  alloy 
; tubing  using  automatic  tube  welding  systems  (fig.  2I>).  Commercial  tube  welding  machines  were  used  to  join  pre- 

bent tubing  having  Ix'nd  tangeney  distances  less  than  one  inch  from  fhe  weld  area  d'ig.  27).  This  required  re- 
working welding  tools  and  fixtures  so  that  1-1  lA  lines  could  be  welded  without  the  necessity  of  re-routing  lines, 
f ixtures  were  designed  so  that  a threaded  nut  with  :ui  appropriate  fitting  could  be  mounted  on  one  side  of  the  welding 
gun.  rite  weld  centerline  butt  of  tube  :md  fitting  falls  directly  beneath  the  tungsten  eleetriKie.  I he  tube  is  placed 
in  Hh'  other  end  of  the  gun  with  care  Ixdng  t.aken  to  insure  that  the  tube  is  .squarely  seated  in  Ihe  fitting  Ix’fore  the 
clamping  device  is  closed.  I'he  machine  is  provided  with  a prepurge  cycle  so  th.at  the  enveloix-  aroumi  tlx'  joint 
to  lx-  welded  e.an  Ixt  filled  with  inert  gas  prior  to  are  ignition.  The  prepurge  time  can  be  set  from  one  to  (10  see  at 
any  flow  rate  set  on  the  flowmeter.  .Argon  gas  is  usually  employed  to  purge  the  weld  head  and  backup. 

l■■ollnw■ing  parameter  development  (fig.  28),  welded  specimens  were  fabricated  for  tests  to  meet  I -1  I.\ 
reciuirements.  .All  tests  were  ix’rformed  to  the  following  requirements  and  siueessfully  completed  with  no  failures 
occurring; 

• flexural  fatigue.  I'hls  is  a cantilever  tyix-  ol  test  a(  a eomiiined  stress  of  25,500  psi  (bending  stress- 

1 1,700  psi  and  interna!  pressure  - liOOO  psit.  f ittings  are  required  to  withstand  a total  of  10,000  cycles  of 
flexure  without  leakage  of  fatigue  failure 

• Impulse,  (me  cycle  consists  of  a pressure  impulse  Irom  0 to  1500  psi,  which  is  then  dropped  sharply  to 
:i0(irt  psi  and  held  for  a short  time,  frequency  is  held  at  70  *2  cycles  min.  It  is  required  th.it  fittings 
withstand  200,000  eveles  uitlxiut  leakage  or  failure 


Tin.  2(1  Airco-Dimelrics  Automalic  Tuhe  W'cliliiiK  System 


MIN  DIST  FROM  WELD  

CENTERLINE  TO  BEND  TANGENCY  PT 


1 1 2"  TUBE 


1 7- TUBE 


3 16''TUBE 


Minimum  Dislanees  E'rom  Weld  Center- l ine 
to  RemI  T annency  Point 
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• Burst  and  Leak.  Tubes  are  first  tested  at  a pressure  of  6000  psi  for  5 min.  Pressure  is  then  increased 
at  a rate  of  20,000  ± 5000  psi/min  until  burst  or  leakage  occurs 

• Repeated  Assembly.  One  assembly  cycle  consists  of  tightening  the  fitting  and  breaking  the  connection  twice, 
then  retightening  and  proof  testing  at  6000  psi.  This  is  done  25  cycles,  iter  which  the  fitting  is  burst 
tested  per  the  above  burst  and  leak  test  requirements. 


Several,  one-in-diameter  prebent  titanium  lines  were  then  successfully  joined  at  the  ends  of  Djnatube  fittings 
using  a commercial  tube  welder  to  demonstrate  the  feasibility  of  welding  production  lines  (Tig.  29).  As  a result 
of  this  effort,  welding  equipment  was  modified  and  toots  were  fabricated  for  production.  After  implementation  of 
this  process  on  the  F-14A  aircraft,  hundreds  of  thousands  of  production  welds  have  been  made  with  less  than  1'^ 
rejection.  Ail  welds  are  10091  radiographically  inspected. 
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lASKH  WKl.DlNf,  AND  C’l'  r l INli 

rhe  basic- eU'iiients  of  a I’tDi  continuous-wave*  (CW)  laser  system  are  tfiven  in  fin.  HO.  I.a.sers  produce 
energy  in  the  form  of  coherent  liuht.  In  contrast  to  thermal  lit{ht,  coheremt  beams  can  be  brouKht  to  a very  sharp 
focus.  I'cx'used  tlK*rmal  liijht  can  burn  wikxI,  but  f<K’usecl  colK*rent  lit;ht  evaporates  steel,  since  six.*cific  energy 
levels  e.xceedintt  one  million  watts  (X'r  square  inch  can  lie  obtained.  This  results  in  deep,  narrow  welds  in  miuiy 
materials. 

.Althoutth  la.ser  Ix'am  weldinn  is  not  currently  iui  accepted  pnxluction  weldini*  process,  it  is  discussed  here 
because  of  the  interest  that  has  develo[X*d  over  recent  years.  Many  people  seem  to  lx;  expectintJ  more  th.'in  this 
process  c:m  pre.sently  deliver;  it  is,  therefore,  important  to  determine  the  niche  that  laser  weldinK  can  occupy 
in  the  near  future.  Since  la.sers  can  pnxluce  depth-to-width  ratios  similar  to  those  for  KH  welds  in  materials 
around  1 4 in.  thick,  the  process  has  ott>;n  been  considered  as  a potential  competitor  to  KU  welding.  On  the  basis 
of  more  recent  developments,  however,  it  is  more  reasonable  to  consider  it  as  a possible  competitor  to  plasma- 
are  welding  for  materials  up  to  0.5  in.  thick  (this  is  near  the  thickness  limit  for  15-20  kw  lasers). 

Proposals  to  weld  over  1 2-in. -thick  metals  by  t'W  lasers  seem  to  require  multi-pass  wehls  in  joints  with 
machined  grooves.  This  adds  to  the  cost  and  makes  the  process  much  less  competitive  with  automatic  arc  welding 
;md  single-pass,  straight-butt  electron-beam  welding.  The  tolerances  and  fit-up  required  for  laser  welding 
could  be  a major  problem  in  this  case.  Certainly,  it  is  possible  to  maintain  control  over  flt-up  requirements  on 
straight  butt  versus  vee-groove  joints. 

Laser  power  requirements  also  are  very  high  for  welding  thick  sections,  since  it  has  been  found  that  lasers 
cannot  be  used  effectively  at  slow  welding  speeds  without  loss  of  penetration  capability.  For  example,  laser 
welding  requires  around  80  kw.  to  penetrate  two  inches  of  steel  at  welding  speeds  around  .50  in. /min.  For  the 
same  thickness,  electron  beam  welding  only  uses  around  15  kw  at  speeds  as  low  as  5 to  10  in.  min. 

Another  disappointment  relative  to  airframe  applications  of  laser  welds  has  been  the  fact  that  fatigue  prop- 
erties in  11  to  1 '2-in.  -thick  welds  are  reported  equivalent  to  Kq-  ' 2 or  less  (Uef.  (>).  It,  therefore,  appears 
that  continuous-wave  CO2  laser  welding  will  be  directed  mainly  toward  sheet  gages  where  high-speed,  low- 
distortion  welds  may  result  in  better  methods  for  wide-sheet  structural  elements. 

Laser  cutting  has  also  been  of  considerable  interest  to  the  industry.  We  have  found  that  for  cutting  metals 
1 '2-in.  thick  and  greater,  the  laser  cannot  compete  with  plasma-arc  cutting.  For  economically  competing  with 
chemical  bLanking  and  bandsawing  when  rough-trimming  sheetmetal  parts,  we  have  successfully  employed  an 
NC-controlled  250-w  laser  as  described  in  the  motion  picture  film  now  to  be  shown  (Hef.  7).  We  feel  that  ap- 
proximately 1000-w  lasers  are  the  maximum-power  units  for  cutting  most  sheet  metal  alloys  economically  except 
aluminum  where  4-G  kw  appears  to  be  optimum  at  present. 


EB  STABILIZATION 


•POWER  FOR  FANS,  STABILIZATION  AND  DISCHARGE 
••VACUUM  (EB  STABILIZATION  AND  CAVITY),  MAKE  UP  GAS,  AND  COOLING  (GAS  AND  MIRRORS) 
AND  COOLING  (GAS  AND  MIRRORS) 

Fig.  30  Basic  Elements  of  a CO^  (CW)  Laser  System 
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Uift'usiun  bonding  (welding)  is  essentially  a solid-state  process  in  which  metallurgical  joints  are  produced 
by  the  application  ot  pressure  and  heat  for  a predetermined  time  in  a suitable  environment  that  will  not  degrade 
quality  or  purity.  Usually  a vacuum  has  been  employed,  but  joints  also  have  been  produced  using  inert  gases. 

f igure  :U  shows  schematically  a production  method  develo[x;d  by  Hockwell  international  which  is  Ijcing 
employed  to  produce  parts  for  the  B-1  bomber  anti  the  space-shuttle  (Hef.  8).  Other  methods  of  diffusion  bonding 
c:m  be  classified  generally  by  the  type  of  equipment  employed  to  apply  the  pressure.  I'hese  Include  bar  rolling 
mills,  plate  rolling  mills,  e.xtrusion  presses,  hydraulic  forging  presses  and  resistance  seam  welding  equipment 
using  both  spot  ;md  wheel  electrodes. 

The  first  major  aerospace  application  of  the  process  is  on  the  B-l  bomber.  Sixty-six  Ti-0A1-4V  alloy  dif- 
fusion bonded  parts  were  projected  for  use  in  each  of  the  first  three  B-l  vehicles.  I hese  parts  range  in  weight 
from  about  -10  lb  to  over  400  lb,  with  plan  areas  ranging  from  180  to  over  4000  in.  2 The  process  has  found  ap- 
plication for  producing  parts  which  have  deep  pockets,  complex  configurations  or  heavy  sections. 

The  press  diffusion  bonding  process  involves  the  assembly  of  premachined  and  cleaned  titanium  details  in  a 
tooling  arrangement  designed  so  that  piessure  can  be  applied  to  all  interfaces  being  joined.  This  assembly  is  en- 
closed in  a vacuum-tight  stainless  steel  retort,  which  is  sandwiched  between  ceramic  heating  platens  and  encased 
on  the  lateral  surfaces  with  ceramic  insulation.  This  assembly  is  heated  to  the  processing  temperature  of 
1700° F ±50OF.  Pressure  applied  by  a modified  hydraulic  press  designed  to  apply  pressure  in  orthogonal  horizontal 
directions  in  addition  to  the  vertical  press  loading  direction.  The  interface  joints  bond  by  solid-state  diffusion  and 
deformation  mechanism  to  merge  the  multiple  pieces  of  titanium  into  a monolithic  part.  Additionally,  the  tooling 
can  be  configured  so  that  local  forging  occurs  under  the  applied  pressure  to  form  fillets.  The  resulting  bond  joint 
is  observable  macroscopically  or  microscopically  only  if  sufficient  variation  exists  between  the  microstructures 
joined  to  reveal  the  location  of  their  interface. 

Quality  control  procedures  are  maintained  for  diffusion  bonded  structures.  For  each  type  of  configuration,  a 
process  verification  part  is  fabricated  and  subjected  to  a thorough  destructive  test  evaluation  to  demonstrate  that 
the  tooling  and  titanium  detail  designs,  as  well  as  the  processing  procedures,  develop  the  structural  configuration 
with  properties  required.  On  all  parts,  prolongations  representative  of  the  part  are  fabricated  as  an  integral  part 
of  the  as-bonded  structure.  These  prolongations  are  evaluated  by  tensile  test  and  metallographic  evaluation.  Ad- 
ditionally, bond  interfaces  are  subjected  to  lOO'Ji  ultrasonic  inspection  and  are  dye  penetrant  inspected  after  final 
machining. 

It  has  been  reported  (Ref.  5 and  9)  that  using  a combination  of  two  patented  processes  - superplastic  forming 
and  diffusion  bonding  - three  basic  forms  of  hardware  can  be  produced.  In  the  first  process,  superplastic-formed 
sheet  comes  into  contact  with  titanium  details  preplaced  in  a die  cavity  and  becomes  bonded  to  them,  resulting 
in  a re  in  forced -sheet  structure.  In  the  second  form,  two  sheets  are  bonded  together  in  selected  discrete  areas 
and  in  the  same  cycle;  then  they  are  expanded  apart  in  the  unbonded  areas  into  a die  cavity,  resulting  in  an  inte- 
grally stiffened  structure.  The  stiffener  is  generally  a hat  section.  In  the  third  form,  three  sheets  (two  face 
sheets  and  a core  sheet)  can  be  selectively  bonded  and  the  face  sheets  expanded  apart  to  fill  a die,  resulting  in 
sandwich  with  an  infinite  variety  of  core  patterns  possible.  These  forms  are  initially  being  evaluated  for  pro- 
duction of  a typical  B-l  door.  Preliminary  projections  indicate  50‘,’i  cost  and  31‘i  weight  savings  over  parts 
machined  from  titanium  plate  (Ref.  5). 

DESIGN  PART  DETAILS  TOOL  DETAILS 


Fig.  31  Diffusion  Bonding  Process 
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tHht'r  processes  that  have  been  evaluated  for  various  applications  are  brazing,  weld-bonding  and  weld- 
brazing.  Aluminum  parts  have  been  fabricated  primarily  by  weld-bonding.  An  aluminum  weld-bonded  fuselage 
component  approximately  9 by  10  ft  has  been  undergoing  flight  evaluations  on  a C'-l.'JO  aircraft  since  .NovemU-r 
1971  (Uef.  10).  M.anufacturing  methods  have  also  been  developed  for  resistance  spot-weld-ahdesive  bond  joining  ol 
titiuiium  (Uef.  11).  At  the  conclusion,  a film  will  be  shown  that  describes  the  process  as  developed  at  (jrumman. 
rhe  main  limitation  of  the  process  for  titanium  is  the  temperature  limit  of  the  adhesive  used. 

I'he  idea  of  .substituting  a braze  alloy  tor  the  adhesive  led  to  development  of  the  process  called  weld-brazing 
(Uef.  12).  During  the  development  of  the  weld-brazing  process,  which  combines  resistance  spot-welding  and 
brazing,  two  primary  approaches  were  investigated.  One  approach  involved  the  use  of  pre-punched  braze  foil 
to  facilitate  spot-welding  parent-metal  to  parent-metal  and  thereby  eliminate  interaction  between  the  parent  metal 
;md  the  braze  alloy.  Another  approach  involved  spot-welding  of  parent-metal  to  parent-metal  using  selected 
welding  parimteters  and  capillary  flow  of  the  braze  alloy  into  the  faying  surface  gap  of  the  spot-welded  joints. 

Doth  of  the  approaches  were  developed  together  and  proved  to  be  successful  with  each  having  particular  advantiiges; 
however,  because  of  its  simplicity  .and  potential  low  fabrication  cost,  the  capillary  flow  approach  was  chosen  for 
primary  evaluation.  Single-overlap  and  hat-stiffened  compression  specimens  were  fabric.ated  using  the  capillary 
flow  approach  employbig  Ti-UA1-4V  alloy  sheet  and  300.3  aluminum  braze  alloy.  Test  results  obtained  indicated 
that  weld-brazed  specimens  were  superior  in  tensile  shear,  stress  rupture,  fatigue  and  resistance  to  buckling 
compared  with  joints  fabricated  by  conventional  means  (Kef.  12).  Initial  results  were  obtained  using  vacuum 
brazing:  however,  similar  results  were  also  obtained  from  specimens  brazed  in  an  inert  atmosphere  (Uef.  13). 

f ollowing  the  in-house  study,  the  process  was  evaluated  by  several  aerospace  companies  and  similar  results 
h.ave  been  obtained.  The  Boeing  Company  used  weld-brazing  in  the  fabrication  of  two  titanium  737  spoilers  under 
a Department  of  Transportation  contract  and  reported  that  the  process  provided  for  lower  tooling  cost  and  resulted 
in  a structure  having  improved  mechanical  properties.  More  recently,  Ixsckheed-Advanced  Development  I’rojects 
(ADD)  of  the  Lockheed-California  Company  has  fabricated  10  weld-brazed  l(ix28-in  skin  stringer  panels  under  a 
N.ASA  contract  which  includes  flight-testing  on  the  YF-12  as  well  as  ground-testing  in  a simulated  supersonic  air- 
cr:ift  environment,  fjne  of  the  panels  has  been  installed  on  the  Y'l'-12  and  has  satisfactorily  accumulated  over  100 
hr  ol  flight  service  at  speeds  up  to  Mach  3.  Ground  tests  of  a weld-brazed  panel  which  had  been  exposed  to  1000 
thermal  cycles  from  -G5°I'  to  GOO®!’  was  equal  In  strength  to  ai  unexposed  panel.  Single-overlap  tensile  shear 
tests  conducted  by  NASA  flight  Uesearch  Center  on  specimens  exposed  for  5000  hrs  at  800°F  indicated  no  degrada- 
tion as  a result  of  e.xposure. 

•A  cost  study  conducted  by  Lockheed-ADP  indicated  that  the  weld-brazed  panels  were  approximately  20',  lower 
in  cost  than  the  titanium  integrally  stiffened  machined  panel  that  they  replaced.  Based  on  these  studies,  weld-brazing 
promises  to  be  a process  capable  of  offering  increased  structural  efficiency  at  a reduced  cost  compared  to  similar 
pimels  fabricated  by  more  conventional  techniques. 

■Aluminum-brazed  titanium  honeycomb  sandwich  structure  was  originally  developed  at  Boeing  (Kef.  14)  for  the 
SS  T and  involved  the  brazing  of  titanium  panels  using  3003  aluminum  filler  metal.  It  was  selected  to  withstand 
450OF  service  temperature  and  to  carry  end  loads  up  to  15,000  lb  in.  Structural  panels  as  large  as  3xl5-ft  were  suc- 
cessfully fabricated  and  evaluated. 

The  initial  concern  over  use  of  the  brazed  system  in  aluminum  corrosion  environments  was  a latent  galvanic 
corrosion  problem  cre.ated  by  the  aluminum-titanium  couple.  Electrochemical,  accelerated  laboratory  corrosion, 
salt  spray  and  extensive  field-service  tests  have  confirmed  the  integrity  of  the  panels.  Also  flight  tests  on  727  air- 
craft over  a period  of  more  than  three  years  showed  no  detectable  corrosion  in  exposed  brazed  fillet  areas.  The 
test  panels  were  attached  to  the  main  landing  gear  .md  were  exposed  to  varied  weather  and  runway  conditions  depend- 
ing on  service  routes  of  the  airlines  participating  in  the  study. 

The  process  was  then  proposed  for  other  applications.  One  such  was  a structural  redundant  heavy  section  which 
could  be  used  in  high-load  structural  members  such  as  landing  gear  beams,  primary  frames  and  flap  tracks. 

A recent  program  (Kef.  15)  demonstrated  the  feasibility  of  this  approach  when  a A’C-14  engine  support  (Fig.  ,32) 
was  selected  and  designed  as  a hybrid  brazed  titanium  structure  as  a potential  replacement  for  mechanically  fastened, 
deep-pocketed  machined  forgings.  Small  frame  forgings  were  EB  welded  together  and  subsequently  brazed  on  either 
side  of  the  honeycomb  core  blanket.  Brazing  was  selected  for  joining  webs  to  frames  after  evaluating  a welded  con- 
cept. The  final  outcome  of  the  program  indicated  savings  in  machining,  labor  and  materials  costs  from  over  20  to 
4G', . Structural  weight  was  also  reduced  over  40',  . 

[NSI’ECTION  AND  DEFECTS 

External  and  internal  defects  in  titanium  alloy  weldments  h.ave  a pronounced  effect  on  their  mechanical  proper- 
ties, especially  fatigue  resistance.  An  investigation  was  performed  to  produce  typical  defects  encountered  in  gas- 
tungsten-arc,  electron-beam,  plasma-arc  and  gas-metal-arc  welding  processes  by  intentional  variation  of  processing 
par.ametcrs  and  to  evaluate  fatigue  endurance  of  defective  weldments  in  tension-tension  (”  0.1)  fatigue  (Kef.  IG). 
Corresponding  properties  of  the  base-metal  (Ti-6A1-4V,  STOA  condition)  at  various  stress  concentration  (Kf)  factors 
and  flawless  welds  produced  by  conventional  techniques  were  determined  to  serve  as  baseline  data.  Based  on  the  re- 
•sults  of  this  investigation  and  additional  data  contained  in  existing  specifications,  acceptance  rejection  criteria  pro- 
posed and  representative  weldments  produced  in  the  course  of  this  program  were  evaluated  in  terms  of  the  proposed 
standards  (Fig.  33).  Proposed  acceptance  criteria  were  indicated  to  be  an  efficient  tool  in  detecting  welds  with 
inferior  fatigue  endur:mce. 

Fatigue  endurance  of  radiographically  fl.awless  weldments  produced  by  EB,  PAW,  Gl'A  and  GMA  processes 
did  not  vary  significantly  from  corrcsjtonding  properties  of  the  base-metal.  Except  for  cracks  and  EB  welding 
bursts,  typical  defects  encountered  in  production  welding  could  be  generated  by  variation  of  processing  par.ameters. 
Cracks  were  detected  only  in  G TA  weldments  produced  under  intentionally  inadequate  shielding.  EB  bursts  could 
not  be  produced  in  welding  blanks  designed  to  simulate  rapid  cooling  conditions  existing  after  extinction  of  the  lx"am 
and  to  change  the  shape  of  the  molten  puddle  which  occurs  on  transition  from  full  to  partial  penetration. 
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Fig.  32  ffybrid  Rrazeci  'f.ri  U'eideci  i'itanium  Siructure 
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Fig.  33  Fatigue  of  FR  and  G TA  Welds 
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All  experimental  weldments  with  (Intentional)  lack-of-penetratlon  defects  exhibited  a drastic  reduction  In 
fatigue  endurance.  Low  fatigue  strength  of  welds  with  mismatched  faying  surfaces  appeared  to  be  caused  by 
extensive  changes  In  the  weld  contour  rather  than  mismatch  themselves.  Blending  of  contours  Is  required  to 
improve  fatigue  strength  of  these  weldments.  The  effects  of  shallow  underfills  and  undercuts  intensified  with  the 
thickness  of  weldments. 

Drastic  lowering  of  fatigue  endurance  was  evident  in  burst-containing  EB  welds,  in  specimens  containing 
Intentional  porosity  and  tested  at  high  stress  levels  (100  ksi  and  above),  no  definite  correlations  were  apparent 
between  values  of  fatigue  endurance  and  magnitude  of  defects.  At  lower  stress  levels,  fatigue  strength  depends  on 
the  location  of  pores  with  respect  to  the  surfaces  of  the  specimen.  Weldments  with  surface-connected  pores  had 
consistently  lower  fatigue  endurance. 
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Process  aixl  Metallurgical  Factors  In  Joining 
Superalloys  and  Other  Hip)i  Service  Tesperature  tiaterlals 
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SUMMARY 

Alixiraft  gas  turbines  rely  on  materials  which  mist  operate  durably  at  elevated  tenperatui^s.  Fabrication 
methods  to  make  turbine  parts  are  selected  for  reliability  and  cost  effectiveness.  Thus  nickel-base 
superalloys,  which  are  the  dominant  heat  resistant  iflaterlal  used  In  aircraft  gas  turbines,  are  frequently 
metallurglcally  Joined  in  manufacture  or  repair  of  a gas  turbine.  The  nature  of  the  superalloy  class  of 
materials  makes  Joining  difficult.  Several  problems  exist  In  welding  the  superalloys  such  as  heat 
affected  zone  hot  cracking  and  post-weld  heat  treatment  cracking.  The  nature  of  these  difficulties  will 
be  described.  Including  a metallurgical  discussion  of  their  causes.  Methods  for  reducing  or  eliminating 
these  problems  will  be  discussed  along  with  some  general  guidelines  for  Joining  this  materlcil  class. 

Some  examples  of  the  processes  and  applications  for  Joining  will  be  reviewed  along  with  descriptions  of 
how  processes  are  adapted  to  provide  the  quality,  properties  and  reliability  required  for  gas  turbine  use 
of  welded  superalloys. 
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itfi'RnixicnuH 

Manul'acturiiv;  iiolern  alrcntfi  turbliie  erviries  offers  a wide  variety  of  fabrication  problems. 

This  Is  In  part  due  to  the  wary  hUih  jx)wer  density  and  low  welttit  requlr'etiients  of  a moderri  ^’■.as  turbine 
engine.  A turbine  has  to  develop  as  nuch  as  ten  or  fifteen  horseixswer  for  every  [XJtjnd  that  It  weiftis. 

Each  excess  pound  that  it  weighs  is  a debit  to  the  eventual  performance  of  the  air'craft  tliat  it  propels. 
Operating  economics  depend  upon  efficiency  and  today,  are  lncreasln^':ly  Important  for  both  civil  anJ 
military  aircraft.  Many  conteinjorary  factors  requliv  optimum  efficiency  such  as  the  rising  price  of  fuel 
and  its  impact  aircraft  operator  cost.  Entilne  performance  is  always  required  for  both  nllltaiy  and  civil 
alixrraft  In  order  to  provide  the  highest  in  aircraft  performance.  At  the  heart  of  both  performance  arri 
efficiency  is  the  ability  to  operate  porn;lons  of  the  engine  durably  and  reliably  at  very  hlrd'i  tem^-r-atures. 
Absence  of  durability  substantially  Increases  iraintenance  cost.  The  dominant  material  tlat  lias  led  to  t.^ie 
ability  of  the  turbine  to  operate  at  hlih  temperatures  are  the  class  of  caterlals  called  superalloys. 
Although  many  materials  are  used  in  gas  turbines  such  as  titanium  alloys,  steels  and  in  scoe  oases 
aluminum  and  even  plastic  materials,  one  of  the  most  extensively  used  material  is  superalloys.  It  is  this 
class  of  materials  *:at  this  paper  will  address  itself  to. 

The  other  aspects  of  the  major  topic  to  be  consider^  in  this  paper,  of  course,  is  Joining  or  welding. 

One  netjd  only  to  examine  a modem  aircraft  ghs  turbine  to  know  that  welding,  is  extensively  used  to  fabricate 
and  repair  cany  components  in  the  powerplant  including  those  made  from  superalloy  materials.  Welding  is 
used  as  in  any  other  ■nanufacturing  application  to  provide  ecoromlcal,  reliable,  ll^tweight  forms  of 
construction  which  are  suitable  for  the  requirements  of  the  powerplant.  Many  welding  methods  are  used  to 
fabricate  various  segnents  or  parts  of  the  aircraft  gas  turbine  engine.  Although  this  paper  will  not 
attenpt  to  document  or  give  examples  of  all  processes  it  is  worth  noting  that  ^ tungsten  arc,  electron 
bean,  resistance,  plasma  arc,  and  inertia  welding  along  with  brazing  and  diffusion  bonding  are  all  spiled 
in  various  degrees  to  the  Joining  of  superalloys. 

Superalloys  are  not  an  easy  group  of  materials  to  fabricate.  The  very  characteristics  that  provide  them 
with  their  durability  in  an  environment  of  high  temperature,  hifth  stress  and  oxidation  typical  of  the 
combustor  or  turbine  portion  of  the  engine,  are  the  same  characteristics  which  make  them  very  difficult 
to  fabricate  and  to  weld.  This  paper  will  attempt  to  provide  a broad  introduction  to  superalloys  and  the 
problems  and  solutions  to  fabricating  them.  It  will  not  contain  extensive  tabular  "how  to  do  it"  info- 
rmation but  shall  try  to  explain  the  broad  principles  of  the  weldability  and  the  approaches  to  Joining 
superalloys.  It  will  review  the  physical  metallurfar  of  the  materials,  and  several  of  the  specific 
problems  encountered  with  welding  of  superalloys  such  as  hot  cracking  and  post-weld  heat  treatment  cracking. 
It  will  try  to  provide  a general  outlook  on  the  requirement  for  thermal  treatment  of  the  superalloy  before, 
during  and  after  fabrication  to  improve  weldability  and  ensure  adequate  properties  and  it  will  suggest  some 
methods  which  have  been  used  for  specific  problems  in  Joining  superalloys,  lastly.  It  will  atten^-t  to 
describe  hov/  processes  have  been  adapted  or  developed  to  use  with  superalloys.  Sufficient  references  will 
be  Included  to  permit  the  reader  to  search  the  open  literature  for  further  information. 

The  Metallurgy  of  Superalloy.s 

Superalloys  are  a class  of  materials  based  on  nickel  and  cobalt  with  large  additions  of  other  elements  to 
achieve  specific  properties.  Cobalt  base  alloys  are  used  less  extensively  than  nickel  base  alloys  and  in 
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a inuch  more  restricted  sense.  Ttiey  do  not  have  as  broad  a range  of  properties  as  tfie  nickel  base  super- 
alloys. Because  they  are  soinewtot  less  extensively  used  they  will  not  be  covered  In  this  pajier. 

The  widespread  engineering  use  of  nickel  base  alloys  dates  back  to  tlie  19^0 's  wlen  they  were  first  Intr'-- 
duced  as  heat  resistant  materials  In  gas  turbine  engines  (1).  Table  I lists  a select  (TOujj  ol'  representative 
alloys  and  their  Introduction  dates  and  conposltlons.  Tfiese  alloys  started  from  a nlckel-chronduir.  base 
and  possessed  creep  resistance  anl  oxidation  resistance  which  exceeded  tte  then  available  stainless  steel 
family.  Solution  strenjtthened  nickel  base  superalloys  have  been  used  since  that  tl:tie  with  many  specific 
alloys  havli>’  been  added.  Today  comerclally  available  nickel  base  superalloys  which  are  basically 
solution  strenttthened  by  addition  of  elements  such  as  chromium,  tungsten  or  molybdenum  are  used  extensively 
for  sheet  fabrications.  They  also  tend  to  contain  carbon  and  other  minor  elements  for  control  of  work- 
ability and  microstructure  in  reneral.  i 

A ma.)or  innovation  occurred  circa  19^^  when  titanium  and  aluminum  were  added  to  the  basic  nickel  20J- 
chromium  solid  solution  strengthened  superalloy  to  produce  the  precipitation  hardenable  superalloys.  One 
early  alloy,  Incone  1-X  is  shown  in  Table  I.  These  additions  produced  the  Intemetalllc  conpound  vhlch 
today  Is  referred  to  as  garma  prime  (y').  Gairma  prime  (Nl3(Al,Tl)  order  PCC  phase)  Is  the  basic  | 

precipitate  formed  for  most  nickel  base  superalloys  and  has  been  used  since  the  early  days  of  precipita- 
tion hardened  superalloys  to  achieve  maximum  strength  for  these  materials  (2).  Today  although  aluminum  is 
most  conmonly  used  to  achieve  a high  degree  of  precipitation  hardening',  titanium,  tantalum  arxl  columbiurc 
are  used  extensively  in  combination  with  It  to  achieve  optimum  properties  for  specific  uses  or  applications. 

As  the  superalloys  have  evolved  (Table  I),  higher  levels  of  titanium  and  aluminum  have  been  added  to  give 

more  total  hardening  capability  for  additional  strength  at  even  higher  tenperatures.  Other  elements  that  I 

are  conmonly  added  to  the  superalloys  Include  molybdenum  and  tungsten  for  solid  solution  strengthening 

which  remains  an  Important  factor  for  achieving  the  maximum  desired  properties.  Another  element  found  in 

a superalloy  Is  cobalt  which  Is  added  to  adjust  the  y'  solvus  and  chromium  which  Is  added  for  oxidation/ 

corrosion  resistance  (3). 

Minor  elements  such  as  carbon,  zirconium  and  boron  are  added  to  achieve  specific  grain  boundary  character- 
istics which  contribute  to  the  elevated  temperature  ductility,  workability  or  other  specific  cl  aracterlstics 
of  the  superalloys.  Hcifnlum  appears  In  recently  developed  superalloys.  In  particular  case  ones,  to  enhance 
hot  ductility  and  castablllty  which  can  be  a problem  In  very  high  creep  strength  alloys  (1).  it  is  worthj’  to 
note,  at  this  time,  that  Inconel  718  which  is  shown  In  the  same  table  contains  a large  percentage  of 
columblum.  The  benefit  of  columblum  which  was  discovered  and  in  approximately  1958  was  found  to  produce  a 
modified  form  of  precipitate  which  has  been  more  recently  designated  as  ganma  double  prime  (y").  This 
alloy  was  conceived  and  developed  primarily  for  fabrlcabllity  and  In  particular  for  weldability.  In 
subsequent  sections,  much  more  will  be  said  about  Inconel  718  and  the  role  that  columblum  and  other 
constituents  of  this  alloy  play  In  weldability. 

A microstructure  of  a typical  superalloy  Is  shown  In  Figure  1.  It  Is  heat  treated  to  produce  the  optimized 
microstructure  for  the  maximum  combination  of  creep  strength,  ductility  etc.  for  this  alloy.  This  I 

particular  alloy,  Udlmet  700  (See  Table  I)  Is  a moderate  strength  superalloy  used  In  both  cast  and  wrouglit  I 

forms  and  It  contains  approximately  *t0  volume  percent  of  y'-  It  Is  worth  noting  In  this  photomicrograph  I 
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that  ^0%  volume  fraction  of  ^ainna  prime  produces  a very  dense  array  of  precipitates.  The  basic  backj-Tound 
in  this  photomlcrottraph  is  a solid  solution  which  consists  of  nickel,  cobalt,  clirardum  and  molybdenum. 

The  y'  precipitate  exists  as  both  large  cubic  blocks  aixi  as  fine  particles.  Many  advanced  cast  super- 
alloys used  today  contain  ais  much  as  70  v/o  of  y'.  Therefore  tte  hardening  phase  wlilch  is  the  one  wtilch 
is  least  ductile  and  the  highest  strength  may  be  the  majority  phase  in  the  alloy.  Not  showri  very  clearly 
in  this  micrograph  but  to  be  shown  later  are  many  of  the  t!?^lri  boundary  or  minor  phases  which  consist  of 
carbides,  borides,  oxides  and  perhaps  other  conpounds  which  will  be  shown  later  to  produce  many  of  the 
problems  in  the  weldlntt  of  superalloys. 

Another  factor  which  has  been  utilised  to  develop  the  maximum  properties  in  this  class  of  materials  has 
been  to  process  the  materials  to  control  microstructure  (1).  Today  two  of  the  most  conmon  forms  of  this 
approach  are  directionally  solidified  cast  materials  and  more  recently  still  the  directionally  solidified 
oast  single  crystal  materials  which  contain  no  grain  boundaries.  These  are  shown  in  Figure  2 which  shows 
cast  forms  of  a typical  superalloy  article,  a turbine  blade,  in  3 forms  of  controlled  nicrostructure ; 
equlaxed,  directionally  solidified  and  single  crystal  form.  These  casting  techniques  permit  the  use  of 
very  highly  alloyed  materials  to  optimize  for  strent^h  and  in  some  cases  for  oxidation  resistance  or 
corrosion  resistance.  These  superalloys  are  particularly  strong  and  ductile  and  can  be  used  to  tempera- 
tures to  about  1800°F.  Although  welding  of  these  materials  will  not  be  a major  part  of  this  paper  they 
will  be  discussed  later  in  the  paper  to  illustrate  how  Joining  relates  to  these  materials. 

Figure  3 shows  that  the  increasing  alloy  content  of  the  materials  of  Table  I enables  the  use  of  materials 
at  higher  service  temperatures.  In  this  example,  the  100  hour  stress  rupture  life  at  a stress  of  ^0,000 
psi  is  used  as  a criteria  and  several  of  the  alloys  are  corrpared  at  the  maximum  temperature  to  which  they 
can  be  used.  One  can  see  in  this  particular  micrograph  that  useful  tenperatures  Increase  with  the  higher 
hardener  content  materials. 

The  very  characteristics  that  lead  to  the  high  strength  stable  and  oxidation  resistance  characteristics 
of  bhese  materials  are  the  ones  that  which  also  lead  to  the  problems  that  are  encountered  in  fabricability. 
High  tenperature  strength  is  frequently  coupled  with  low  ductility.  The  stability  necessary  for  a material 
to  exist  in  its  high  tenperature  environment  for  hundreds  of  hours  without  changing  or  degrading  leads  to 
other  problems  such  as  a very  slow  rate  or  very  great  difficulty  in  achieving  stress  relief.  The  Inherent 
oxidatlon/corrosion  resistance  of  these  alloys  derives  from  surface  oxides  which  in  tum  lead  to  problats 
for  example  of  the  difficulty  to  wet  these  materials  in  a brazing  or  diffusion  bonding  operation.  These 
factors  are  sunrnarized  in  a simplistic  but  useful  conparison  in  Table  II. 

If  one  takes  the  paraneters  of  I400°F  tensile  strength  and  ductility  {t  elongation)  and  creates  an  index 
of  fabricability  by  comparing  the  ratio  of  the  ductility  divided  by  strength,  it  is  obvious  that  as  an 
alloy  becomes  more  heat  resistant  it  has  a much  lower  fabricability  index.  While  there  is  no  quantitative 
significance  to  this  arbitrary  index  of  fabricability  it  is  helpful  to  Illustrate  that  the  higher  strength, 
or  heat  resistant  alloys  do  not  have  good  fabricability.  The  problems  that  are  found  in  welding  these 
alloys  can  be  broadly  related  to  this  index  of  fabricability. 

In  the  remaining  parts  of  this  paper,  I will  be  talking  about  several  problms  that  effect  the  weldability 
of  the  Tnaterials.  Speclfloally>  I will  bo  talking  about  hot  cracking,  about  post-weld  lieat  treattient 


cracking  and  about  the  ability  to  produce  welds  with  appropriate  service  mechanical  properties. 


Weldability  Factors  In  Superalloys 

There  are  three  factors  to  be  considered  related  to  the  welding  of  superalloys.  Two  of  the  three  factors 
are  problems  and  the  third  Is  related  to  the  awareness  to  which  all  properly  designed  systems  are  subject; 
l.e.  the  overall  concern  for  weldment  properties.  The  two  problems  are  hot  cracking  and  the  post-weld 
heat  treatment  cracking  of  this  alloy  class.  Hot  cracking  is  generic  to  all  superalloys  occurlng  to  some 
degree  with  aill  fusion  welding  processes.  Post-weld  heat  treatment  cracking  is  not  generic  to  all  super- 
alloys but  most  significantly  affects  the  y’  hardened  superalloys.  It  does  however  also  occur  to  a lesser 
degree  In  severely  restrained  weldments  made  from  superalloys  hardened  with  y"  (Ni3Cb)  even  though  this 
type  of  superalloy  (Inconel  718  primarily)  was  specifically  desgined  to  resist  post-weld  heat  treatment 
cracking. 

The  properties  of  eill  superalloy  weldments  are  of  concern  and  require  detcilled  consideration  depending 
upon  their  supplication.  Superalloys  are  obviously  chosen  because  of  specific  properties,  therefore  the 
properties  of  the  weldments  made  from  them  must  also  be  Intended  to  withstand  the  same  environment.  Each 
of  these  three  factors;  hot  cracking  problems,  post-weld  heat  treatment  cracking  problems  and  properties 
of  weldments  will  now  be  considered  Individually. 

Hot  Cracking 

Figure  4 Illustrates  a hot  crack  In  a superalloy  weldment.  It  Is  very  obvious  from  this  photograph  that 
the  crack  dominantly  occurs  In  the  weld  teat  affected  zone  (HAZ).  Hot  HAZ  cracking  occurs  to  varying 
degrees  with  different  alloys  depending  upon  the  amount  of  restrain,  the  welding  conditions  and  many  otter 
factors.  Hot  cracking  Is  not  a phenomenon  which  Is  unique  to  superalloys  and  the  causes  and  the  cures  of 
hot  cracking  In  si^ralloys  are  not  generlcally  different  from  those  used  to  alleviate  hot  cracking  In 
other  materials.  But  In  the  specific  there  are  sane  differences.  Hot  cracks  can  also  be  found  In  the 
weld  metal  of  superalloys.  However,  weld  metal  cracks  are  generally  resolved  by  use  of  good  welding 
practices  Including  proper  design,  proper  choice  of  filler  wire,  and  cleanliness.  Therefore,  most  of  the 
rest  of  this  section  will  be  Intended  to  review  the  causes  of  and  prevention  of  cracking  In  the  teat- 
affected-zone. 

As  an  Introduction,  a brief  review  of  seme  of  the  thermal  factors  relating  to  welds  will  be  shown  In 
Figure  5.  This  shows  the  weld  as  a localized  heating  source  which  passes  along  plates  being  welded.  In 
so  doing  the  heat  source  causes  a thermal  wave  with  an  abirrpt  front  to  pass  throu^  the  material.  Near 
the  center,  wher«  the  heat  source  is  n»st  Intense,  the  metal  is  welded  causing  fusion  of  the  abutting 
plates.  Simultaneously  zones  adjacent  to  the  fusion  zone  are  also  heated  to  very  hl^  peak  tenperatur^s 
at  a very  rapid  rate  and  are  then  subject  to  cooling  at  a very  rapid  rate  after  they  achieve  peak  terper- 
ature.  Ahead  of  the  curved  line  BC  heating  occurs,  while  behind  It  cooling  occurs.  If  one  were  to  examine 
the  specific  thermal  cycles  which  occur  along  line  AD  as  a function  of  distance  ftxxn  the  weld  centerline, 
the  thenral  cycles  shown  In  Figure  6 would  be  found.  As  can  be  seen,  the  regions  In  the  HAZ  nearest  to 
the  fusion  line  experience  peak  terrperatur^s  approaching  the  fusion  zone  namely  peak  tenperatures 
approaching  2^00°F.  These  peak  temperatures  are  reached  In  times  of  less  than  2 secorxJs  and  cooling  rates 
occur  very  rapidly  following  the  achievement  of  peak  tenperatures.  The  affects  of  such  rapid  themal 
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cycles  <jii  the  materials  are  what  cause  microstructures  of  the  haz  to  fom  as  Is  seen  In  Figure  7.  'I'Tie 
events  in  the  HAZ  are  examples  of  phenanena  wtilch  occur  In  a very  dynamic  fashion  usually  of  a non- 
equlllbrlum  nature.  Without  excessively  detailed  explanation  of  the  kinetics  of  phase  reactions  In  the 
heat  affected  zone  one  can  examine  the  metallurKlcal  events  which  occur  In  the  HAZ  of  one  alloy,  nils 
exaiiple  can  be  then  projected  Into  a reasonable  model  for  what  occurs  in  all  superalloy  materials  aid  cari 
serve  as  a ratlonalle  for  dealing  with  nany  of  the  problems  In  the  superalloy  HAZ's. 

This  figure  shows  what  happens  if  one  synthetically  re-creates  HAZ  In  Udlmet  Alloy  700,  an  alloy  which 
was  previously  described  and  which  Is  very  difficult  to  weld.  The  micrographs  shown  here  were  constructed 
by  simulating  the  HAZ  using  a well  known  device  developed  In  the  United  States  called  the  Gleeble  (U). 

The  Gleeble  takes  the  thennal  cycles  Just  described  In  Figure  6 and  Imposes  them  on  1/^t"  diameter  specimens 
of  the  alloy  under  consideration  to  simulate  the  metallurgical  events  and  therefore  microstructures  which 
occur  In  the  HAZ.  In  the  HAZ  shown  here,  peak  temperatures  as  high  as  l800°F  cause  no  noticeable  changes 
to  the  HAZ  microstructures.  There  Is  some  dissolution  of  the  y’  at  1900°F  peak  teuperature  and  this 
continues  until  2100°F  which  shows  further  dissolution  of  the  coarse  blocky  y' . Also  visible  In  the  2100^ 
peak  tenperature  Is  a phase  reaction  beginning  at  a grain  boundary.  At  2125°F  this  gra^n  boundary  reaction 
can  be  seen  to  proceed  to  a far  more  extensive  state  and  Is  then  readily  Identified  as  a local  melting 
phenomena. 


Notice  In  the  background  there  Is  still  substantial  evidence  of  y'  In  intragranular  areas  which  ranaln 
hardened  and  tend  to  resist  deformation.  The  presence  of  the  Incipient  melting  at  the  grain  boundaries 
however  is  something  that  one  can  readily  Imagine  could  cause  problems  If  the  material  were  strained. 

Weld  HAZ's  are  certainly  strained  by  the  heterogeneity  of  the  thermal  Input  and  significant  rigidity  of 
the  overall  weldment.  Thennal  gradients  moving  at  many  Inches  per  minute  cause  .ocal  plastic  deformation 
to  occur  In  the  HAZ.  This  effect  can  be  clearly  Illustrated  by  a photograph  taksn  on  a welded  specimen 
In  Waspaloy'*'  (Figure  8).  This  lllustratlcn  is  achieved  by  taking  a sanple  and ’electropolishing  It  prior 
to  welding  the  specimen  arxi  then  examining  the  surface  of  the  HAZ  after  welding.  As  can  be  seen  by  the 
Intensive  slip  banding  that  substantial  amount  of  strain  does  occur  In  this  area.  Zones  near  the  weld 
bead  can  be  seen  to  be  incipient  cracks  (arrows)  In  this  HAZ  due  to  the  abrupt  thermal  cycling  with  the 
strain  that  Is  caused  by  this  localized  heating  are  the  basic  phenomena  which  cause  HAZ  cracking.  ITtIs 
Is  a relatively  sirpllstlc  treatment  of  the  problem  of  heat  affected  zone  cracking  but  It  does  show  the 
affects  which  are  actually  observed  and  therefore  are  the  basis  for  a reasonable  model  described  for  HAZ 
cracking  (5). 


A conposlte  micrograph  of  the  HAZ  of  a Udlmet  700  weld  with  enlargement  to  show  its  detail  can  be  used  to 
accurately  sumnarlze  the  events  that  occur  to  cause  HAZ  cracking.  Note  that  In  this  particular  photo- 
micrograph the  predominant  amount  of  cracking  that  occurs  happened  In  the  region  vdrere  thera  is  a small 
amount  of  melting.  This  Is  the  same  kind  of  melting  that  was  shown  previously  to  occur  predominantly  in 
the  area  where  only  minor  melting  In  the  grain  boundary  or  other  very  localized  places  occurs.  This  part 
of  the  HAZ  Is  somewhat  ramoved  from  the  edge  of  the  fusion  zone  a id  is  where  a low  volume  fraction  of 
melting  occurs.  It  Is  also  where  the  localized  strains  that  occur  adjacent  to  the  weld  are  greatest  and 
can  be  forced  to  concentrate  on  the  grain  boundary  aiaas.  Hera,  grain  boundaries  with  the  presence  of 
the  wetting  liquid  cannot  accomodate  the  strains  and  thereby  separate,  leading  to  cracking.  It  does  not 
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usually  occur  where  melting  is  more  prevalent  or  where  the  HAZ  does  not  melt.  IMs  part  of  a weldment  has 
been  Identified  as  the  partially  melted  part  of  the  HAZ  and  must  occur  In  all  welds  (5).  In  fact,  the 
weld  cracking  problems  that  occur  In  other  structural  material.-;  are  frequently  associated  with  localized 
HAZ  melting  of  grain  boundary  regions  containing  Inclusions  or  other  minor  phases  (6,7).  Sulfides  and 
phosphides  of  steels  and  sometimes  slllcldes  In  stainless  steels  are  all  often  blamed  for  hot  cracking 
phenomena  which  occur  In  these  types  of  materials.  One  of  the  Incldlous  aspects  of  tl»  superalloys  Is 
that  they  are  produced  as  a very  highly  purified  material  and  the  levels  of  Impurity  trace  elements  such 
as  sulfur,  phosphorous  and  others  are  kept  at  very  low  levels.  In  the  example  Just  shown,  Udlmet  700,  In 
fact  It  has  been  found  that  the  causes  of  grain  boundary  melting  are  frequently  related  to  minor  phases 
which  form  from  the  elements  in  the  alloy  used  for  Inproved  hot  workability  (8).  These  phases  are  borides 
or  carbides  and  therefore  aggravate  the  problem  of  prevention  of  r«jt  cracking  In  the  weld  HAZ  because  tlie 
alloying  elements  are  Important  to  the  mechanical  profierty  and  workability  characteristics  of  the  alloy. 

In  sunmary,  therefore  cracking  Is  a difficult  problem  to  resolve  when  welding  superalloys.  Hot  cracking 
can  occur  In  large  scale  which  is  visible  to  the  eye  or  to  ccaiventlonal  liquid  penetrant  inspection 
methods.  However,  even  when  weldments  pass  this  noniial  Inspection  one  can  very  often  find  very  fine  micro- 
cracks  In  the  HAZ  metallographlcally.  Mlcrocracks  like  this  will  be  shown  to  be  contributors  to  the  next 
problem  to  be  discussed  In  this  paper,  post-weld  heat  treatment  cracking,  and  they  may  also  contribute  to 
property  debits  which  will  also  be  discussed  in  a later  section.  It  Is  therefore  difficult  to  produce  a 
weldment  totally  free  of  any  fonii  of  mlcrocracklng.  In  particular.  In  higher  strength  superalloys.  Such 
conditions  can  be  tolerated  however  and  through  the  proper  use  of  design  criteria  can  they  be  rendered 
Innocuous. 

Hot  cracking  reduction  and  prevention  methods  however  are  not  without  value.  Certainly  by  proper  design 
of  a weldment  the  total  amount  of  restraint  can  be  reduced  substantially  so  as  to  reduce  the  incidence  or 
Intensity  of  cracking.  Superalloys  themselves  must  be  and  are  made  to  very  hli^  quality  standards  In 
terns  of  purity  and  trace  element  controls  as  to  reduce  the  Incidents  of  cracking.  In  many  instances  and 
In  many  ajipllcatlons  alloys  are  In  some  cases  purchased  to  specifications  which  Impose  extra  control  of 
minor  ele-nents  for  the  specific  Intention  of  weldment  fabrication  and  the  main  interest  are  usually  to 
prevent  hot  cracking  problems.  Further  approaches  to  the  reduction  or  elimination  of  hot  cracking  Involved 
such  factors  as  utilization  of  the  proper  filler  wire.  In  welding  very  highly  alloy  materials  sometimes 
the  use  of  lesser  alloy  content  filler  wire  alloys  are  used  such  as  Hastelloy  X,  Inconel  625  or  Inconel  62 
filler  wire.  These  are  alloy  filler  wires  which  are  relatively  weak  though  ductile  and  may  not  meet  full 
strength  i^ulrement.  They  can  however  be  effectively  used  to  reduce  incidents  of  HAZ  cracking.  In  the 
area  of  weld  procedures,  factors  such  as  the  use  of  the  minimum  amount  of  energy  Irput  is  often  effectively 
used  to  reduce  hot  cracking  (10).  For  example,  weld  filler  wire  diameter  Is  frequently  reduced  In  order 
to  permit  the  operator  to  weld  with  the  minimum  amount  of  weld  current  in  order  to  achieve  the  appropriate 
amount  of  penetration  or  filleting  for  the  structure  Involved.  The  reduced  energy  Input  reduces  the  volume 
of  weld  and  HAZ  material  which  undergoes  shrinkage  during  welding  thus  reducing  the  strain  to  be  accomo- 
dated during  cool  down  and  thus  reducing  cracking. 


Superalloys  are  always  welded  In  an  inert  atmosphere  and  the  purity  of  the  atmosphere  Is  Important  to  help 
reduce  the  Incidents  of  hot  cracking.  Generally  welding  grade  argon  which  contained  less  that  20  parts 
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per  million  total  Inpurlty  content  Is  used  to  gas-tungsten  euK;  weld  or  plasraa-arc  weld  the  nickel  base 
superalloys. 

Post-Weld  Heat  Treatment  Cracking 

ITils  phenomenon  Is  a problem  which  occurs  with  virtually  all  supei'alloys . It  has  been  called  strain  age 
cracking  or  delay  cracklnf;;  but  most  correctly  is  called  post-weld  heat  treatment  (PWHT)  cracking.  It  is 
different  from  hot  cracking  and  It  Is  characterized  by  much  larger  cracks  as  seen  In  Figure  10.  These 
cracks  Initiate  most  conroonly  In  the  HAZ  but  their  crack  length  Is  nuch  longer  and  they  fi?equently  extend 
through  weld  metal  or  for  substantial  distances  in  the  parent  metal  Itself.  They  occur  during  the  heat 
treatment  which  is  usually  required  to  do  one  or  both  of  the  following:  to  re-establish  the  properties 
of  the  weldment  Itself  as  will  be  discussed  In  more  detail  later  or  to  provide  stress  relief  since  super- 
alloy weldments  are  prone  to  retain  significant  residual  stresses. 

Figure  11  Illustrates  schematically  how  PWHr  occurs.  During  the  welding  of  a material  the  peak  temperature 
In  the  weld  and  HAZ  result  In  very  hlfji  residual  stresses  left  at  the  time  of  the  corpletion  of  the  weld. 
When  the  part  Is  placed  In  a fUmace  for  post-welding  treatment,  two  things  begin  to  occur  simultaneously . 
First,  is  that  residual  stresses  begin  to  relax.  Unfortunately  for  the  superalloys  the  temperature  range 
at  which  stress  relief  begins  to  occur  Is  also  the  temperature  range  In  which  rapid  precipitation  of  y' 
phase  occurs.  The  precipitation  of  y'  strengthens  the  material  substantially  while  It  Is  attempting  to 
stress  relief.  The  strengthening  usually  Is  accompanied  by  a reduction  In  the  overall  ductility.  The 
combination  of  the  inability  of  the  part  to  stress  relieve  coupled  with  the  fact  that  It  is  gaining  In 
strength  and  losing  ductility  causes  PWHT  cracking.  In  general,  the  cracking  tendency  of  superalloys  for 
PWHT  cracking  Is  a strong  function  of  the  total  amount  of  hardener  content  of  le  alloy  Itself. 

Figure  12  Is  a plot  which  shows  where  most  or  many  of  the  conmerolal  alloys  fit  as  plotted  against  their 
total  hardener  content.  As  the  arrow  shows  those  alloys  with  higher  total  A1  + T1  content  are  more 
subject  to  PWHT  cracking  than  those  which  are  lower  In  hardener  content.  This  correlation  has  been 
observed  many  times  and  appears  to  be  related  to  the  fact  that  the  higher  the  hardener  content  the  !;.ore 
rapid  the  age  hardening  response  during  PWHT  and  the  lower  ductility  of  the  alloy  all  of  which  Increase 
the  tendency  to  cracking. 

As  was  previously  mentioned,  PWHT  cracking  has  a tendency  to  Initiate  in  the  same  area  of  the  HAZ  which 
was  prone  to  hot  cracking.  Figure  11  showed  that  the  dcrnlnant  crack  in  the  patch  test  which  Is  used  for 
the  detection  of  the  propensity  of  PWHT  cracking  occurs  adjacent  to  the  fusion  zone,  i.e.  the  partially 
melted  HAZ. 

As  shown  earlier,  one  can  duplicate  the  microstructures  of  the  HAZ  using  the  Gleeble  and  study  their 
tendency  to  P'.VHT  cracking.  By  doing  so  It  has  been  shown  that  the  onset  of  cracking  In  previous  sound 
specl  ens  tends  to  occur  most  easily  In  microstructures  which  have  previously  been  synthesized  to  duplicate 
the  partially  melted  HAZ  In  Waspaloy  as  shown  In  Figure  13  (12).  A convenient  curve  to  display  the 
kinetics  of  PWIfT  cracking  Is  the  C-curve.  The  C-curve  plots  the  Incidents  of  cracking  as  a f-wictlon  of 
time  and  teirperature  and  the  furttier  the  C-cur'/e  Is  to  the  left  the  more  easily  a particular  microstructure 
of  material  will  crack.  The  C-curve  shown  in  Fltnjre  1<(  Is  for  Waspaloy  which  was  run  In  the  Oleeble  to 
represent  both  the  partially  melted  HAZ  (Heated  to  a temperature  of  2225°F)  and  the  ad,1acent  part  of  the 
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HAl’  (heated  to  Just  ??00OF)  which  has  not  quite  locally  melted.  Although  the  HAZ  microstructures  are  in 
other  ways  very  similar,  the  fact  ttat  the  extra  25°F  produces  partial  melting  causes  a pronounced  Increase 
in  its  tendency  to  PWIfl’  crack  nich  sootier  when  undergoing  creep  relaxation  fl’om  70  KSI  in  the  temperature 
range  frcr.  1200°  to  l800°F  (12). 

Tills  is  an  appropriate  time  to  more  extensively  describe  the  effectiveness  of  the  previously  mentioned 
alloy,  Inconel  Alloy  718,  as  a deterent  to  PWlfT  cracklrw.  This  alloy  Is  a material  designed  specifically 
to  minimise  PWHr  cracking.  If  one  examines  C-curves  which  for  both  Waspaloy  and  Alloy  718  superimposed 
on  the  same  axis  as  in  Fl^-jire  15,  the  time,  temperature  requirements  to  cause  cracking  to  occur  In 
Alloy  718  are  far  translated  to  the  right,  which  correlates  well  with  general  experience;  l.e.  the  alloy 
Is  far  less  prone  to  PiJWr  cracking  than  Waspaloy  (13).  Alloy  718  utilizes  columblum  (Cb)  as  Its  primary 
streoftthenlng  alloying  element.  The  micrographs  In  the  next  Figure  16  Illustrate  that  the  strengthening 
precipitate  formed  from  Cb  Is  of  a different  type  than  the  strengthening  precipitate  formed  from  T1  or  Al. 
y'  has  been  previously  described  as  a face  centered  cubic  precipitate  based  on  the  compound  Ni3Al.  This 
precipitate  called  y”  (ftarnia  double  prime)  is  based  on  Nl3Cb  which  has  the  same  stolchometry  as  NI3AI  but 
It  Is  a body  center  tetragonal  precipitate.  It  forms  much  more  slowly  and  appears  to  permit  far  greater 
stress  relief  prior  to  the  hardening  and  lessening  of  ductility  than  y'  does  (li().  Because  of  Its  very 
much  lower  popensity  to  PVMT  cracking.  Alloy  718  Is  therefore  used  very  extensively  for  applications  not 
only  In  aircraft  gas  turbines  but  also  wherever  high  terrperature  structural  s‘'rength  Is  required  along 
with  reasonable  fabrlcablllty  by  welding  because  PWlfr  cracking  can  usually  be  avoided.  IVo  cautions  are 
to  be  noted  here;  Alloy  718  Is  not  totally  free  from  PWHT  cracking  although  It  does  have  a ver/  nuch  lower 
tendency.  (When  It’s  welded  in  heavy  sections  or  In  hlglily  restrained  configurations,  PWHT  cracking  still 
can  occur  with  Alloy  718).  Secondly,  Alloy  718  Is  still  subject  to  hot  HAZ  cracking.  Because  of  the 
excellent  composition  control  and  melt  practice  It  Is  not  excessively  prone  to  hot  cracking  but  It  can  be 
found  to  be  hot  short  If  gpod  precautions  are  not  exercised  during  its  welding.  If  Its  cortpositlons 
tolerances  are  allowed  to  deviate  much  from  optimum  and  If  Its  minor  element  content  Is  permitted  to 
Increase  (15). 

Which  use  of  Alloy  718  Is  a major  approach  to  avoid  PWHT  cracking  wherever  possible  It  Is  not  the  only 
approach.  It  Is  often  necessary  to  weld  other  superalloys  which  are  more  subject  to  PWHT  cracking  because 
their  properties  or  specific  characteristics  are  required  for  an  application.  In  these  cases  there  are 
things  that  can  be  done  to  reduce  the  Incident  of  the  particular  weldment  to  PWHT  cracking.  By  applying 
these  methods  It  Is  possible  to  fabricate  conponents  by  welding  from  the  other  more  cracking  prone  alloys. 
Solution  annesillng  a superalloy  before  welding  can  strongly  reduce  Its  tendency  to  PWHT  cracking  (I6). 

Alloys  such  as  Rene'  ill  or  Waspaloy  would  never  be  welded  In  the  fully  heat  treated  condition  If  possible 
because  In  that  condition  it  would  be  most  subject  to  PWHT  cracking.  The  same  material  can  also  be 
rendered  less  subject  to  strain  age  cracking  by  controlling  rate  of  heating  during  the  post-weld  heat 
treatment.  Examining  the  "C"-curves  In  Figure  15  shows  that  by  heating  the  part  more  rapidly  It  is  possible 
to  heat  the  material  to  a high  temperature  above  which  annealing  or  stress  relieving  can  occur  without 
Intercepting  the  nose  of  the  curve  wherein  cracking  will  occur.  If  this  Is  done.  It  Is  possible  to  cause 
the  residual  stress  to  relax  before  the  onset  of  y'  precipitation  does  occur.  Under  these  conditions 
stress  relief  Is  fairly  rapid,  ductility  Is  quite  high  and  the  part  can  be  successfully  heat  treated  after 
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welding  without  cracking.  'Itils  is  a feasible  approach  for  certain  structures  where  It  Is  possible  to 
rapidly  heat  It  in  a furnace  or  to  have  a structure  which  Is  not  subject  to  excessive  dlstoxllon  due  to 
non-unlfomi  heating.  Another  approach  which  has  been  suggested  for  the  reduction  In  the  tendency  towarl 
PWHT  cracking'  is  the  use  of  Inert  atmospheres  or  vacuum  during  the  heat  treatment  after  weldltu'.  Wils 
approach  has  been  reported  In  some  cases  to  reduce  the  tendency  to  strain  at'e  cracklrij'-  (17).  It  ha.-,  beei. 
postulated  that  this  treatment  excludes  oxygen  which  accelerates  the  tendency  for  PWlfl'  crackiru'  to  occur. 
Some  evidence  to  the  success  of  this  approach  has  been  demonstrated. 

Another  approach  exists  that  has  been  used  In  certain  superalloys  which  contain  very  high  hardener  to 
achieve  ajoiwJshU  welds  and  heat  treatments  without  PWHT  heat  treatment  cracking.  This  approach  Is  found 
to  be  eiTective  In  the  hijlily  liardened  alloys  wlilch  are  difficult  to  solution  heat-treat  and  cool 
sufficiently  rapidly  so  as  to  avoid  all  y'  precipitation  on  cooling  from  the  solution  heat  treatment 
temperature.  This  Is  Illustrated  In  Figure  17  which  shows  a group  of  mlcroitraphs  In  Waspaloy  and  Alloy 
700.  Waspaloy  Is  a material  which  when  cooled  from  the  solution  heat  treatment  tenperature  retains  most 
of  the  A1  In  solution-  In  this  condition,  the  mlcrottraph  shows  no  y'  and  Its  yield  stren^dh  is  low  aixl 
its  ductility  Is  quite  high  when  compared  with  the  salne  alloy  In  Its  fully  heat  treated  condition. 

Alloy  700  shows  that  this  result  Is  not  accomplished  by  solution  heat  treatment.  For  example,  in  the 
fully  heat  treated  state  of  yield  strength  of  160  KSI  and  a ductility  of  15!5  elongation  is  typical  for 
this  material.  If  one  solution  heat  treats  It  and  fast  air  cools  It  (which  Is  Its  normal  heat  treatment) 

It  has  a 130  KSI  yield  strernd^h  and  still  only  25%  elongation.  In  order  to  truly  soften  and  ductllise  the 
material  a different  kind  of  heat  treatnent  Is  needed.  This  heat  treatment  Is  overaging.  Overaitlng 
Involves  solution  heat  treat  followed  by  heat  treatment  to  form  course  y'  precipitate.  For  the  optimum 
overage  condition  listed  below  the  yield  strength  can  be  held  to  a low  80  KSI  with  an  elongation  of  h0%, 
very  similar  In  fact  to  that  of  solution  heat  treated  Waspaloy.  The  optimum  overaglng  heat  treatment  Is 
2100°F  for  hours,  followed  by  a two-step  overage  at  1975°F  for  16  hours,  followed  by  a slow  cool  down 
to  1850°F  for  4 hours,  followed  by  an  oil  quench  (18).  This  sequence  of  heat  treatment  steps  permits 
maximum  of  gamma  prime  to  precipitate  In  a relatively  coarse  fashion  where  It  is  least  effective  In 
strengthening.  If  the  oil  quench  Isn't  possible  It  Is  almost  as  effective  to  overage  and  follow  by  a cool 
to  room  temperature  which  achieves  a microstructure  which  will  have  a small  amount  of  fine  gatma  prime. 

This  Increases  the  yield  strength  slightly  and  decreases  the  elongation  slightly  but  not  very  drastically. 
The  overaged  and  cooled  mlcrxistruoture  rraterial  can  be  shown  In  a restrained  welded  specimen  to  have 
increased  resistance  to  PWHT  cracking.  Figure  17  shows  that  solution  heat  treated  Alloy  700  In  a 
relatively  low  restrained  weldment  will  crack  severely  In  post  weld  heat  treatment.  If  the  same  alloy  Is 
overaged  and  slow  cooled  prior  to  welding  it  achieves  a substantial  Improvement  In  PWHT  cracking  resistance. 
While  the  Illustration  shows  that  the  alloy  Is  relatively  prone  to  PWHT  cracking,  some  applications  which 
require  the  elevated  temperature  strength  of  Alloy  700  may  be  fabricated  If  the  structure  Is  not  very 
restrained  and  Is  fairly  thin  gage. 

In  suinnary,  PWHT  cracking  Is  a serious  problem  In  welding  superalloys.  However,  It  can  be  reduced  through 
several  means.  The  first  and  foremost  of  which  Is  to  use  Alloy  718,  which  has  been  developed  to  reduce 
PWHT  cracking.  There  are,  however,  other  approaches  to  reduce  PWHl’  cracking  involving,  variations  In  heat 
treatment  of  the  material  either  prior  to  or  after  welding  In  order  to  reduce  the  Incidents  of  cracklrt'’. 
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As  will  be  „howii  later  In  saiie  practical  a|:)pllcatlons,  the  problem  thouj.’ti  It  exists,  can  be  dealt  with  in 
a reasotable  fashion  to  fx.'niilt  the  fabrication  of  sane  useful  conponents  by  exercising  the  aiJt'i’o^iches 
described  In  this  section. 


Mechanical  Properties  of  Weldments 

This  section  will  rwt  present  extensive  docuiientatlon  ai  the  properties  of  superalloys  and  all  the  factors 
that  affect  them.  However,  It  will  describe  the  basic  principles  which  are  involved  in  maintaining 
adequate  iiectianlcal  properties  In  superalloys  which  are  welded.  It  is  obvious  that  superalloys  are  heat 
treatable  and  that  ttie  heat  treatments  are  a large  part  of  obtaining;  and  maintaining  their  properties. 

Thus  when  a weld  Is  made  In  a superalloy,  a lieat  treatment  must  be  an  Inteiyal  part  of  the  total  processing 
of  the  conponent  In  order  to  optlndze  the  properties  as  well  as  the  physical  Integrity  of  the  part  to  be 
made. 

As  an  Illustration,  consider  the  data  on  Alloy  718  In  Figure  19.  The  properties  In  the  bar-graph 
identified  as  baseline  are  those  of  the  strength  and  the  ductility  of  the  parent  metal  at  1100°F  (19). 

If  a weld  Is  made  with  the  parent  metal  In  the  fully  heat  treated  condition  and  transverse  tensile 
properties  are  measured  and  shown  in  Figure  19  In  the  as-welded  condition  there  Is  a very  substantial 
loss  in  both  strength  and  ductility.  If  the  weld  Is  made  of  parent  metal  In  the  solution  heat  treated 
condition  and  then  the  weldment  Is  directly  aged,  substantial  amount  of  the  strength  of  the  parent  metal 
can  be  recovered.  However,  there  is  still  a substantial  debit  in  the  ductility.  This  Is  true  because 
some  areas  of  the  parent  metal  In  the  HAZ  are  partially  aged  or  even  overaged  by  the  welding  operation 
and  post-weld  aging  alone  does  not  fully  recover  the  properties  of  the  entire  weldment.  If  however,  the 
weld  is  made  and  then  subsequently  the  entire  part  is  fully  heat  treated,  that  is  to  say,  re-solutloned 
plus  aged,  it  can  be  seen  ttet  the  properties  of  the  welded  structure  are  virtually  equivalent  to  those 
of  the  parent  metal.  Some  slight  property  debits  are  realized  due  to  the  presence  of  "cast"  weld  metal 
In  the  test  specimen  cross-section.  However,  in  gas  turbine  usage,  creep  and  fatigue  properties  are 
usually  those  of  greatest  concern  for  most  applications  and  configurations.  Several  factors  usually  cate 
Into  the  total  evaluation  of  the  weldment  when  measured  In  fatigue  as  shown  in  Figure  20.  The  baseline 
properties  for  the  alloy  In  this  LCF  test  are  unwelded  sheet.  One  can  see  that  the  baseline  Is  signifi- 
cantly hl^er  than  either  of  two  configurations  of  the  welded  materleLl.  The  weldments  were  tested  with 
the  weld  reinforcement  left  on  (bead  on  condition)  or  removed  by  a grinding  operation  to  be  flush  with 
the  surface  of  the  parent  metal  (bead  off  condition).  The  welds,  in  1100°F  LCF,  are  approximately  30* 
weaker  than  in  the  bead  off  condition.  The  presence  of  cast  structure  and  HAZ  Is  sufficient  to  produce 
this  debit.  However,  If  the  bead  Is  ground  off  the  debit  Is  reduced  to  less  than  20*.  Thus  In  the  case 
of  welded  Alloy  718  (In  LCF  testing  at  1100°F)  the  presence  of  the  weld  reinforcement  which  only  minimally 
effects  tensile  properties  turns  out  to  be  an  extra  debit  due  to  the  stress  concentration  present  at  the 
location  where  the  weld  reinforcement  blends  into  the  base  material.  If  the  same  welds  were  tested  In 
creep,  the  properties  of  a weld  with  the  reinforcement  left  on  would  probably  be  Improved  due  to  the 
additional  reinforcement  effect  of  the  over-thickness. 


So,  there  are  several  factors  which  must  be  considered.  Certainly  the  sequencing  of  the  welding  and 
heat  treatment  must  be  planned  to  obtain  the  maximum  properties  in  the  weldment.  Hr  cliolce  of  filler  can 
also  Influence  specific  properties  even  though  this  has  not  been  shown.  This  can  be  relatively  less 
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Inportaiit  in  applicajits  where  full  pai’ent  metal  profiertles  are  not  required  due  to  the  conflKuratlon  of 
a weld,  the  location  of  the  weld  or  ttie  service  requirements  of  the  weldment.  It  Is  not  uncomiion  to  have 
welds  deslr^ied  with  the  Joints  region  thicker  to  reduce  the  stresses  at  tlie  weld  to  achieve  a practical, 
usable  welded  structure.  It  Is  also  worth  re-anpteslzlr^’;  ttiat  for  many  welds  particular  properties  can 
vary  as  lias  been  shown.  Therefore,  the  desltai  and  fabrication  of  a welded  superalloy  must  utilize  those 
properties  wlilch  are  critical  to  Its  application. 

To  tr^  to  Illustrate  the  property  variance  as  a function  of  all  weld  or  configuration  parameters  would  be 
a prohibitive  task  and  it  will  not  be  done.  The  critical  caution  is  that  when  a weld  Is  desljTied  and 
fabricated  all  factors  must  be  considered  so  that  the  entire  system  can  be  evaluated;  fabrlcabillty , 
properties,  repairabillty , distortion  and  certainly  cost. 

Applications  of  Joined  Superalloys 

kbny  welded  superalloy  coiponents  have  been  used  in  aircraft  gas  turbines.  Most  welds  are  made  with 
conventional  welding  processes  such  as  gas  tungsten  arc  or  plasma  arc  as  has  been  previously  described. 

The  most  connon  applications  have  been  for  use  in  static  structures,  that  Is  non-rotating  cotrponents. 

A good  example  of  a large  coirplex  fabricated  weldment  Is  shown  In  the  Figure  21.  This  component  Is  an 
Alloy  718  diffuser  case  for  a larj^  comaerclal  transport  engine.  This  diffuser  case  guides  the  gas  flow 
frail  the  exit  of  the  conpressor  and  into  the  combustion  area.  A component  like  this  weighs  several 
hundred  pounds  and  contains  hundreds  of  inches  of  both  plasma  arc  and  gas  tungsten  arc  welds.  Most  of 
the  welds  are  made  autanatlcally,  l.e.  with  machine  welding  rather  than  with  manual  operators.  Large 
circumferential  or  axial  welds  are  usually  easier  and  more  reproducible  to  set  up  using  machine  welding. 

Plasma  arc  welding  Is  becoming  Increasingly  used  because  It  Is  easier  to  control  in  terms  of  under  bead 
contour.  It  Is  also  usually  a lower  energy  Input  process  which  results  In  fewer  cracking  problems.  Many 
of  the  welds  made  on  such  an  assembly  must  be  made  manually  because  it  Is  more  economical  to  make  complex 
contour  welds  or  out  of  position  welds  by  hand.  The  filler  wire  for  this  case  would  be  Alloy  718.  This 
case  would  be  welded  in  the  solution  heat  treated  condition  and  after  It  Is  Inspected  and  found  to  be  free 
of  defects.  It  would  then  be  entirely  re-solutloned  and  aged  prior  to  final  machining.  Thus  any  minor 
distortion  which  is  realized  during  the  final  heat  treatment  can  be  accomodated  during  final  machining, 
flenerally  heat  treatment  cycles  are  controlled  to  be  as  slow  as  possible  for  such  large  structures  so  as 
to  minimize  distortion.  Cases  like  this  may  occasionally  be  made  and  contain  some  defects.  Cases  are 
inspected  with  both  radiography  and  with  liquid  penetrant  Inspection  in  order  to  find  possible  defects 
and  wherever  necessary  repair  welds  can  be  made  prior  to  the  final  heat  treatment  and  machining.  A case 
can  occasionally  develop  distress  after  It  goes  Into  service  and  may  contain  small  cracks.  One  of  the 
benefits  of  using  Alloy  718  Is  that  It  is  readily  weld  repairable.  Procedures  have  been  devised  and  Insti- 
tuted for  repair  In  the  field  as  required.  An  example  of  a type  of  small  defect  near  a boss  weld  which 
has  been  found  to  occur  Is  shown  In  Figure  22.  These  are  able  to  be  ground  out  and  weld  repaired.  Such 
repairs  are  easily  accomplished  and  have  been  applied  successfully.  After  welding  the  area  must  be  locally 
heat  treated  as  shown  in  Figure  22  to  achieve  proper  restoration  of  properties  and  to  reduce  residual 

stresses  in  the  area  caused  by  the  repair  weld.  In  this  Illustration  electric  resistance  heated  blanket  I 

is  applied  and  held  in  place  with  appropriate  Insulation  and  the  stress  relieving  temperature  1325°F  can  1 

be  applied  for  the  proper  duration  for  that  specific  ncTipnent  and  repair  procedure.  I 
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Welding  Is  also  conducted  on  both  blades  and  vanes  for  botli  new  parts  and  for  weld  repair.  Due  to  tlie 
caiiplexlty  of  turbine  blades  axid  vanes,  niasslve  structural  welding  Is  not  usually  accomplished  because 
It  Is  difficult  to  achieve  the  defect  free  welds  necessary  for  utilization  and  service  and  to  obtain  full 
mechanical  properties  In  blade  and  vane  alloys  However,  parts  for  use  In  gas  turbine  are  costly  and 
when  minor  cracks  or  minor  service  distress  occurs  after  long  service  operation  It  Is  often  desirable  to 
weld  repair  and  refurbish  the  part  rather  than  to  replace  It.  One  exartple  of  this  Is  shown  In  Figure  23 
which  shows  the  sequence  of  weld  repair  for  turbine  vanes.  In  this  particular  exanple  the  turbine  vanes 
shown  are  of  a cobalt  base  alloy,  however  some  nickel  base  vanes  are  also  repaired  In  a similar  manner. 

If  there  Is  a crack  which  is  found  during  a nonnal  inspection  Interval  for  an  engine  (by  liquid  penetrant 
or  visual  Inspection)  it  Is  reasonable  to  grind  out  the  defect  and  to  weld  repair  using  filler  wire  such 
as  Inconel  Alloy  625.  A similar  repair  Is  shown  In  Figure  2^1  on  a turbine  blade  wherein  Its  tip  Is  worn 
due  to  normal  service  exposure.  A weld  build-up  procedure  exists  which  can  restore  a blade  of  this  type 
to  normal  use  for  many  hours  of  additional  service  time.  It  Is  very  conmon  to  provide  weld  repair 
procedures  for  operators  of  aircraift  gas  turbine  because  It  Is  a very  Inportant  element  in  the  overall 
maintenance  of  such  an  engine. 

IXie  to  the  difficulties  In  welding  the  si4)eralloys,  processes  are  adapted  or  introduced  which  have  certain 
specific  characteristics.  Such  Is  the  case  for  a process  vlilch  will  next  be  described.  In  the  Joining 
of  many  shapes  that  go  Into  aircraft  gas  turbines  large  cross-sectional  areas  and  conplex  contours  are 
used.  These  factors  may  make  conventional  welding  impossible  due  to  the  problems  previously  discussed 
and  compounded  by  requirements  to  Join  large  areas.  Much  research  and  development  has  gone  Into  seeking 
to  apply  other  processes  such  as  diffusion  welding  and  brazing  to  superalloys  for  structural  application. 

Each  of  these  processes  have  their  disadvantages.  Braze  Joints  are  typified  by  limited  ductility  and 
cannot  be  used  to  extremely  high  temperatures  because  of  their  tendency  to  remelt  If  overheated  or  to  be 
relatively  weak  at  the  service  tenperature  of  a part.  Diffusion  welding  of  superalloys  has  been  found  to 
be  difficult  due  to  the  surface  oxides  and  intermetalllc  conpounds  which  tend  to  fonn  on  the  surface  which 
Is  due  to  their  very  nature  as  oxidation  and  corrosion  resistant  materials.  A process  has  been  developed 
however  at  Pratt  & Whitney  Aircraft  which  combined  the  manufacturing  ease  of  brazing  and  with  the  quality 
of  Joints  which  Is  considered  typical  of  diffusion  welding.  This  process  Is  called  TIP  ^ bonding  (20,21).  TIP 
stands  for  Transient  Liquid  Phase  and  it  is  a diffusion  bonding  process  which  utilizes  the  ability  of  a 
designed  Interlayer  ccnpositlon  to  melt  and  subsequently  resolidify  to  accomplish  the  bond.  Schematic 
Illustration  of  the  process  Is  shown  In  Figure  25.  An  Interlayer  material  In  thin  foil  form  is  placed 
between  the  two  components  to  be  Joined.  When  the  entire  assembly  Is  heated  to  a given  tenperature  the 
bonding  tenperature,  the  Interlayer,  melts  because  of  Its  conposltlon.  The  part  is  then  held  at  this 
same  tenperature  at  which  through  dlffuslonal  processes  the  bond  region  Is  caused  to  resolidify  arxl  homo- 
genize through  the  changing  conposltlon  In  this  area.  Dy  suitable  choice  of  Interlayers  of  bonding 
parameters  and  design  of  the  part  It  Is  possible  to  produce  homogeneous  bonds  as  shown  In  the  micrograph 
which  are  Impossible  to  llscem  both  chemically  and  mechanically.  For  exanple,  some  mechanical  properties 
are  shown  In  Figure  26  for  TIP  bonds  made  in  MAR-M200  alloy.  In  both  low  cycle  fatigue  and  in  stress 
rupture  at  very  high  tenperature  (1700  and  1800°F  respectively)  It  Is  possible  to  produce  bonds  which 
exhibit  parent  metal  properties.  Other  prxjpertles  If  measured  would  be  also  equivalent  to  the  parent 
metal  such  as  high  cycle  fatigue,  tensile  or  shear  properties.  The  theoretical  model  or  TIP  bonding  Is 


J 


3-14 

Illustrated  lii  Fltture  71  In  the  form  of  a liypothetlcal  binary  phase  dlatyam.  'Hk-  base  alloy  to  be  bonded 
and  the  Interlayer  are  shown  in  the  Illustration  on  the  pseudo-binary  dla^yan.  Wlien  the  assembly  Is 
heated  to  the  bonding  temperature,  wldch  Is  pre-selected  based  on  the  Interlayer  coirposltlon  and  the 
parent  metal  to  be  Joined,  the  Interlayta'  nelts.  When  the  assembly  Is  held  at  the  bonding  tenperature  the 
diffusing  species  move  in  the  direction  to  create  homogeneity.  Since  the  Interl^er  Is  thin  (usually 
<.003"  thick)  the  melting  point  suppressant  In  the  interlayer  alloy  tends  to  diffuse  and  becomes  dissolved 
In  the  parent  metal.  As  a function  of  time,  the  average  composition  of  the  Joint  region  tends  to  travel 
across  the  temperature  tlellne  for  the  bonding  corxiltlons  chosen.  Once  the  as-sembly  has  been  held  at  bondlnc: 
tenperature  for  sufficient  len^^th  of  time  the  conpositlon  shifts  toward  and  Intercepts  the  solidus  near  the 
parent  metal.  In  so  doing  the  Joint  isothermally  solidifies.  Further  diffuslonal  heat  treatment  drives 
t.he  conpositlon  to  be  superlnposed  on  that  of  the  parent  metal.  This  Is  possible  because  a large  dilution ^ 
effect  Is  possible  due  to  the  relative  mass  of  the  part  compared  with  the  Interlayer.  Thus  by  controlling 
metallurgical  process  variables  of  the  Interlayer  composition  and  the  process  time,  by  providing  appropriate 
Interface  match-ups  by  tooling  and  mating  surface  preparation,  and  by  maintaining  the  cleanliness  It  Is 
possible  to  achieve  excellent  bonds  In  very  easy  fashion. 

An  example  of  a production  application  for  this  process  Is  shown  in  Figure  28  which  shows  TIP  bonded  low 
turbine  vane  clusters  currently  produced  for  an  conrierclal  turbine  engine.  Individual  vanes  are  assembled 
and  the  entire  manufacturing  cycle  concludes  as  shown  in  Figure  29  with  a very  large  number  of  these 
components  assembled  Into  a conventional  vacuum  furnace.  The  process  Is  conducted  In  vacuum  (generally 
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10  torr)  to  avoid  any  contamination  problems  while  the  parts  are  in  the  furnace.  A typical  furnace  run 
is  4 to  6 hours  and  in  the  case  shown  here  several  hundred  parts  can  be  done  simultaneously.  Current 
production  data  for  this  component  which  has  now  exceeded  100,000  parts,  has  shown  that  the  yield  of 
acceptable  parts  has  been  99.1%,  i.e.  of  every  1,000  parts  bonded  991  are  acceptable  for  engine  use.  TLP 
bonding  in  addition  to  being  applied  in  currently  shown  production  application  Is  suitable  for  other 
advanced  applications  and  Is  being  evaluated  for  such  applications.  The  TLP  bonding  process  can  be  applied 
to  a very  wide  spectrum  of  superalloys  including  ones  with  controlled  microstructures  which  were  intro- 
duced in  the  early  part  of  this  talk.  For  exairple  Joints  can  be  made  In  dlrec'  ' y solidified  alloys, 
powder  metallur©f  alloys  and  even  In  single  crystals.  It  Is  also  possible  to  ma...  them  Into  similar  adloy 
combinations  by  appropriate  design  of  bonding  parameters  and  interlayers.  While  process  is  fairly  new  it 
Is  hoped  that  it  will  be  applicable  to  a larger  number  of  applications  In  the  near  future. 

CONCLUSIONS 

In  conclusion,  the  superalloys  due  to  their  very  characteristics  are  very  difficult  to  fabricate.  They 
have  been  shown  to  be  subject  to  hot  cracking,  PWHT  cracking  and  they  have  shown  to  have  sensitive  mechan- 
ical properties  when  welded.  But  the  difficulties  are  not  Insurmountable.  Work  done  to  date  has  shown 
that  welded  parts  can  be  made  successfully  by  attention  to  details  and  by  alert  consideration  of  the  entire 
system.  To  do  the  Job  correctly  one  needs  to  design  parts  correctly,  choose  the  materials  correctly, 
select  the  right  process,  properly  sequence  operations  prior  to  and  after  the  welding  operation,  understand 
both  the  problems  and  the  factors  which  can  be  used  to  solve  these  problems  In  an  intellegent  fashion. 
Processes  ai’e  adaptable  to  the  Joining  of  superalloys  and  some  processes  have  been  developed  for  the  purpose 
of  Joining  superalloys.  The  state-of-the-art  Is  not  perfect  and  that  better  application  of  superalloys  In 
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welded  fom  Is  still  possible.  More  work  is  needed  in  order  to  expand  our  ability  to  fabricate  tijese 
materials.  New  weldable  alloys  could  be  developed  as  well  as  liri[iroved  filler  wires  for  their  weldln*’. 

The  basic  purity  of  material  could  be  controlled  better  to  aid  in  the  resistance  of  hot  cracking?  of  tlie 
alloys  to  be  Joined.  We  need  to  understarxl  more  sibout  the  appropriate  heat  treatments  Including  the 
nature  of  the  atmospheres,  heating  rates,  proper  temperatures,  etc.  to  provide  the  optimum  results  in  tl>e 
stivctures  to  be  made.  ' Process  factors  such  as  proper  choice  of  the  welding  process,  the  filler  wire, 
the  welding  parameters  which  are  chosen  arri  even  the  operator  technique  can  all  contribute  significantly 
to  the  successful  Joining  of  the  superalloys.  One  must  always  maintain  In  mind  the  total  system,  the 
part,  the  deslg-,,  the  heat  treatment,  etc.  Only  by  considering  the  entire  system  can  you  deal  with  the 
successful  fabrication  of  parts  by  these  materials  and  processes.  However,  there  Is  still  more  that  could 
be  learned  and  further  research  It  Is  hoped  will  be  atle  to  still  further  Ijiprove  our  understanding  and 
knowledge  about  these  various  factors.  Hopefully  It  will  enable  us  to  do  more  with  the  application  and 
fabrication  of  superalloys  for  uses  not  only  in  aircraft  gas  turbine  but  vdoerever  high  temperature, 
corrosion  resistant  materials  are  required. 
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TABLE  I 

COMPOSITION  AND  CHRONOLOGY  OF  NICKEL  BASE  SUPERALLOYS 


ALLOY 

DATE 

C 

Cr 

Co 

w 

to 

A1 

n 

OTHERS 

INCONEL 

PRE-19')0 

.1 

15 

— 

— 

— 

~ 

— 

Fe-7 

INCONEL  X-750 

19't'J 

.014 

16 

— 

— 

0.6 

2.5 

Fe-7  Cb-1 

HASTELLOY  X 

— 

.1 

22 

1.5 

.6 

9 

— 

18.5  Fe 

WASPALOY 

1951 

.07 

19 

lA 

— 

3 

1.3 

3.0 

.1  Zr 

UDIMBT  700 

1953 

.10 

15 

19 

— 

5.2 

‘4.3 

3.5 

.02  B 

INCONEL  7I8 

1958 

.05 

18 

— 

— 

3 

0.6 

0.9 

Fe-l8  Cb-5 

AF2-1DA 

1966 

.15 

12 

10 

6 

3 

44.6 

3.0 

Ta-1.5  Hf-1.' 

MAR-M200 

1970 

.15 

9 

10 

12 

— 

5.0 

2.0 

Cb-1  Hf-2 

NOTE:  Alloy  Cotiposltions  taken  from  MDClC-73-1^  Report,  June  1973 


TABLE  II 

RELATIVE  FABRICABIUTY  OF  SUPERALLOYS  BASED  CM  PROPERTIES  AT  li(00°F 


STRENGTH 

DUCTILITY 

FABRICABIUTY 

INIBC 

ALLOY 

OTS 

S5EL 

JEiyUTS 

INCONEL 

27 

146 

1.7 

WASPALOY 

115 

28 

0.214 

UDIMBT  700 

150 

30 

0.20 

MAR-M200 

135 

3 

0.02 

Conventional 


Columnar  grain 


Single  crystal 


Kirniro;  2;  CAST  TTMiCIK  iilJUJFB  IH  CT itr.TUTTOMAI , EQITAOTi,  C0T;.M;AP  Snni.E  W.-l'M,  MTCna'TTifl H”! TiE , Ali 
MAE-'^yOO  + 2 Hf  COHPffilTION. 


r PHASE  - NijIAl,  Ti,  Cb| 


r PHASE  - SOLID  SOLUTION 
OF  NL  Cr,  Co, 
Mo.  W 


r' 


CARBIDE,  BORIDE  PHASES 


FI^'/l'RE  1:  MCROSTRUCTURE  OF  ALLOY  700  IN  THE  FULLY  HEAT  TREATED  CCWDITION,  I.E.  2140  F/4  HOURS  Pa'S 
I975OF/4  hours  PLUS  1550°F/4  HOIRS  PLUS  1400°F/16  HOURS. 


RELATIVE  PROPERTIES  OF  SUPERALLOYS 

TEMPERATURE  CAPABILITY  |100  HOUR  RUPTURE  LIFE  AT  40  KSI| 


ALLOY 


TEMPERATURE 


FIGURE  3:  MAXl'-Hr'l  SEmTICE  TE>ffERATURE  OF  SE’v’ERAL  S'JPERALUOYS  EASED  UPON  40  KSI,  100  HOUR  RLTTURE  LIFE 
REQUIREl'EnL 


FTOimE  4:  HOT  HAZ  CRACK  IN  ALLOY  700  AFTER  GAS-TUf.'OS'IEN  ARC  WELDING. 
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FIGURE  12:  EFFECT  OF  ALUMINUM  AND  TITANIUM  CONTEOT  rW  PWHT  CRACKING  TENDENCY  IN  SEVERAL  SUPERALLOYS. 


FI'JLRE  13:  INCIPIENT  R.WT  CRACKING  IN  SII-IULATED,  PARTIALLY  MELTED  HEAT  AFFECTED  ZONE  SPECII'HJ  IN  WACPALOY 


LEGEND 
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FIGURE  14 


PWHT  CRACKING  TENDENCY'  FOR  TVO  SIMULATED  HAX  REGION  IN  WASPALOY 
FROM  70  KSI  IfllTIAI.  STRESS  AT  TEMPERATURES  SHOWN. 


TESTED  IN  CREEP  RELAXATICW 


|3 


|5 


10^  10 

TIME  - MINUTES 

FIGURE  15:  "C"-CURVES  FOR  WASPALOY  AND  ALLOY  718  SHOWING  MUCH  GREATER  TOIERANCE  FOR  PWlfT  CRACKING  POT 
ALLOY  718  DUE  TO  SLOWER  AGING  RATE. 


Y STRENGTHENED 


r STRENGTHENED 


FIGURE  17:  EIFLUENCE  OF  HFJ\T  TREATMENTS  ON  THE  MICROSTRUCTURE,  STRENGTH  AND  DUCTILirY  OF  WASPALOY  AI® 
ALLOY  700. 


FIGURE  18:  MINI-PATCH  TEST  RFSULTS  IN  ALLOY  700  SHOWING  BENEFIT  OF  OVERAGE  HEAT  TREATMENT  ON  PWHT 
CRACKING.  LEFT  - SOLOTION  HEAT  TREAT,  RIGHT  - OVERAGE  HEAT  TREAT. 


3-27 


DUCTILITY 

PERCENT 

ELONGATION 


J65C5-22 


FIGURE  19:  COMPARATIVE  PROPEFfTIES  OF  ALLOY  718  WELDMENTS  IN  VARIED  CONDITIONS  SHOW^J. 


FIGURE  20:  LCF  PROPERTIES  OF  O.O6O"  THICK  ALLOY  718  WELDS  TESTED  AT  1100°P,  R RATIO  0.1,  TRANSVERSE  TO 
WEID.  WELDS  FULLY  HEAT  TREATED. 
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FIGURE  23 


UTEINE  VANE  WHICH  IS  l^EID  REPAIRED  FOR  RESTORATION  TO  SERVICE 
RIGHT  - WELDED  AND  BIENDED  TO  CONTOUR. 


LEFT  - CRACKS  GROU!®  OUT: 


FIGURE  2U:  TURBINE  BLADE  TIP  WELD  REPAIR.  lEFT  - WELDED  TIP;  RIGHT  - BLENDED  TO  ORIGINAL  CONTOUR 
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FIGb'RE  25:  FUNCTIONAL  DESCRIPTION  OF  TLP  BaJDEW  PROCTSS. 
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FIGURE  27:  THEORETICAL  MODEL  OF  PHASE  PHENOMENON  WHICH  OCCUR  DURING  TLP  BONDING. 
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FIGURE  28:  TLP  BONDED  LOW  PRESSURE  TURBINE  VANE  CLUSTERS. 
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RlX'bNT  DKVHLOPMbNTS  IN  WbLDING  TECHNOLOGY 

R.Weck,  FRS 
Directur  General 
The  Welding  Institute 
Abington,  Cambridge,  UK 

SUMMARY 

There  are  indications  that  the  pace  of  technical  development  and  innovation  is  slowing 
down  as  a result  of  the  socio-economic  changes  in  the  industrial  world.  This  is  also 
true  for  welding  technology.  With  the  development  of  pulsed  TIG  and  MIG  welding  and  the 
universal  transistorised  power  source  the  ultimate  step  in  the  development  of  fusion 
welding  processes  appears  to  have  been  taken.  Despite  the  fact  that  high  precision 
welding  is  now  possible,  requirements  for  quality  and  reliability  have  now  become  so 
stringent  that  the  available  techniques  are  no  longer  adequate  to  achieve  them.  There  is, 
however,  scope  for  improving  the  economics  in  the  use  of  the  processes.  Solid  phase  weld- 
ing processes,  such  as  diffusion  bonding  and  friction  welding,  are  largely  free  from  the 
problems  of  the  fusion  welding  processes  but  the  research  and  development  effort  in  these 
areas  is  minimal. 

International  co-operation  in  welding  technology,  given  the  inherent  difficulties  of 
communication,  is  probably  at  least  as  good  if  not  better  than  in  many  other  areas, 
particularly  through  the  work  of  the  International  Institute  of  Welding.  Progress  in 
international  standardisation  is  slow  for  commercial  and  legal  reasons  and  even  within 
the  European  Community  differing  standards  are  a serious  obstacle  to  the  free  interchange 
of  techniques  and  equipment.  This  is  unfortunately  even  true  for  the  welding  equipment 
used  by  the  armed  forces  of  NATO. 


OBSTACLES  TO  TECHNOLOGICAL  ADVANCE 

The  introduction  of  innovation  in  industry  not  only  requires  research  and  development  but 
investment  in  new  plant.  Without  investment  there  is  no  market  for  the  products  of 
research  and  development  and  they  will  gradually  atrophy. 

Even  before  the  oil  crisis  and  the  recession  industrial  investment  was  in  decline.  The 
reasons  were  manifold:  high  interest  rates,  declining  profitability  and  consequently 
lowering  in  the  rate  of  capital  formation,  into  which  further  inroads  were  made  by  claims 
to  an  increasing  share  of  the  national  product  for  the  purposes  of  central  and  local 
Government  by  way  of  rising  personal  and  company  taxation.  Strong  labour  unions  enforced 
increases  in  consumption  not  matched  by  increases  in  production,  thus  further  reducing 
capital  formation  for  investment. 

A further  important  element  is  the  increasing  power  of  public  opinion  - sometimes  termed 
the  environmental  lobby  - to  prevent  the  execution  of  industrial  projects  or  at  least  to 
delay  their  realisation,  with  the  result  that  vast  cost  escalations  ensue,  augmented  still 
further  by  the  cost  of  public  enquiries,  legal  battles  and  the  imposition  of  safety 
measures  bordering  at  times  on  the  ludicrous. 

All  these  factors  have  combined  to  slow  down  the  potential  market  for  innovation  and 
investment  in  R & D is  falling.  All  over  the  developed  world  we  have  witnessed  a process 
of  severe  reduction  in  companies'  R & D budgets.  The  overall  result  has  been  a 
slackening  if  not  a total  standstill  in  the  pace  of  technological  advance  and  it  would  be 
most  surprising  if  between  now  and  the  beginning  of  the  new  millenium  we  were  to 
experience  technological  change  at  the  rate  to  which  we  were  witness  in  the  quarter  of  a 
century  following  the  end  of  World  War  II. 


THE  WELDING  SCENE 


This  slow-down  has  also  affected  the  welding  field.  Not  a single  new  process  has  been 
developed  during  the  last  decade  and  the  industrial  introduction  of  processes  developed 
since  the  war,  such  as  electroslag  and  electron  beam  welding,  has  been  slow.  In  the  case 
of  electroslag  welding,  there  has  in  fact  been  a decline  in  its  application  because  the 
requirements  for  reliability  and  quality  imposed  on  welded  structures  have  become  so 
stringent  during  the  last  decade  that  they  cannot  be  satisfied  with  high  heat  input 
processes.  In  the  case  of  electron  beam  welding,  the  obstacle  to  rapid  industrial 
application  has  been  the  high  cost  of  investment  required. 

Some  progress  has  been  made  nevertheless.  This  has  taken  the  form  of  developments  and 
refinements  in  existing  processes  to  improve  their  performance  in  two  main  directions: 

1.  Quality  and  reliability 

2.  Higher  productivity. 

These  two  subjects  are  of  course  closely  related  and  interact.  They  are  considered 
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separately  here  because  the  main  emphasis  in  relation  to  the  first  objective  is  on 
metallurgical  and  material  aspects,  whereas  the  emphasis  in  the  second  area  is  on  the 
welding  process  side. 


QUALITY  AND  RELIABILITY 


Material  Aspects 

We  have  at  least  in  the  West  experienced  a process  of  continuously  stiffening  requirements 
for  quality  and  reliability.  Methods  for  non-destructive  examination  have  been  improved 
to  an  extent  where  smaller  and  smaller  defects  can  be  detected,  and  developments  in 
fracture  mechanics  have  provided  criteria  relating  the  size  of  a defect  to  the  potential 
risk  of  failure.  This  is  reflected  on  the  one  hand  in  the  imposition  of  much  tighter 
specifications  for  the  chemical  composition  of  parent  metal  and  weld  metal  to  avoid  such 
defects  as  hydrogen- induced  heat-affected  zone  cracking  in  steels,  solidification 
cracking,  reheat  cracking  and  porosity,  and  on  the  other  hand  in  requirements  for  minimum 
notch  ductility  - in  the  case  of  steels  not  only  for  parent  metal  but  weld  metal  and  heat- 
affected  zones  - and  for  proof  of  adequate  through-thickness  ductility  to  prevent  lamellar 
tearing.  These  requirements  in  turn  have  imposed  much  more  stringent  control  of  the 
welding  process,  particularly  in  respect  of  joint  preparation  and  heat  input,  and  much 
more  severe  supervision  of  the  operator. 


Process  Aspects 

One  of  the  important  parameters  requiring  control  is  heat  input.  With  conventional  power 
sources  this  is  extremely  difficult,  if  not  impossible,  particularly  in  situations  where 
as  a result  of  gradual  heat  build-up  in  the  workpiece  the  heat  input  has  to  be  diminished 
as  welding  proceeds. 

The  development  of  pulsed  TIG  and  MIG  welding,  in  which  heat  input  is  not  produced  as  a 
continuous  stream  but  in  discrete  quanta,  was  the  first  step  towards  the  achievement  of 
high  precision  in  fusion  welding  operations.  It  is  worth  noting,  however,  that  this 
increased  precision  was  achieved  at  a price.  Up  to  that  time,  current,  voltage  and  wire 
diameter  or  electrode  size  were  the  only  relevant  variables.  In  pulsed  TIG  or  MIG  welding 
further  variables  are  introduced:  the  ratio  between  background  and  peak  current,  the  pulse 
duration  and  the  time  interval  between  pulses,  which  must  be  chosen  correctly  if  the 
optimum  results  are  to  be  achieved.  Even  the  shape  of  the  current  pulse  is  important. 

The  most  recent  development  and  quite  possibly  the  ultimate  stage  beyond  which  no  further 
progress  in  arc  welding  seems  possible,  is  the  Transistor  Power  Source.  This  is 
fundamentally  a high-fidelity,  high-power  amplifier  capable  of  reproducing  any  waveform. 
Welding  current  can  be  controlled  to  within  0.5%  of  the  maximum  for  variation  in  line 
voltage  of  up  to  20%.  Voltage-current  characteristics  can  be  varied  from  constant 
current  for  TIG  welding  to  constant  voltage  for  MIG  welding.  Current  rise  for  short- 
circuit  at  the  output  terminals  can  be  varied  continuously  from  50 p sec.  to  100  msec. 

Pulse  frequencies  for  square  waves  up  to  10  kHz  are  possible.  Utilisation  of  such  high 
frequencies  in  the  welding  of  small-bore  aluminium  tubing  used  in  the  aerospace  industry 
has  been  claimed  to  result  in  a greatly  improved  grain  structure  and  the  elimination  of 
hot  cracking. 

One  of  the  first  important  industrial  applications  was  in  the  production  of  tube-to-tube 
plate  joints  for  a stainless  steel  heat  exchanger  for  nuclear  power  application  in  which 
maximum  tolerable  crack  size  was  limited  to  25p  and  the  contour  of  the  weld  cross-section 
was  required  to  lie  inside  a fixed,  smooth  geometric  contour.  The  40mm  diameter,  4mm 
thick  tubes  were  inserted  from  one  side  for  a distance  of  about  1mm  into  the  175mm  thick 
stainless  steel  tube  plate  and  TIG  welded  by  a rotating  precision  torch  inserted  from  the 
other  side.  Nearly  10,000  welds  have  been  made  this  way  with  a reject  rate  of  only  0.03%. 
A cross-section  through  two  experimental  joints  is  shown  in  Fig.  1.  The  weld  contour  on 
the  left  is  unacceptable  as  lying  outside  the  specified  profile  due  to  slight  over-roll 
of  the  weld.  This  weld  was  produced  with  a conventional  magnetic  amplifier  power  source 
and  the  defect  was  caused  by  2%  main  voltage  fluctuation. 

Special  advantages  can  be  obtained  in  the  use  of  the  transistorised  power  source  in  plasma 
welding.  Under  continuous  current  operation  high  welding  speeds  can  be  obtained  in  the 
"keyhole"  mode  of  plasma  welding  but  a careful  balance  between  current,  plasma  gas  flow 
and  traverse  speed  must  be  maintained  which  can  be  disturbed  by  local  variation  in  the 
material  and,  of  course,  positional  welding  is  impossible.  If  the  current  is  pulsed  the 
weld  pool  solidifies  at  the  low  background  level  but  the  keyhole  does  not  close  up  if  the 
plasma  flow  is  maintained  so  that  the  weld  pool  is  easily  reformed  when  the  current  pulse 
is  injected.  The  square  edge  butt  weld  of  the  950mm  diameter  tube  of  3mm  wall  thickness 

shown  in  Fig.  2 was  made  in  the  horizontal  vertical  position. 

One  very  tiresome  problem  frequently  experienced  in  production  using  conventional  power 
sources  is  that  settings  for  welding  procedure  variables  obtained  by  careful  experimental 
work  in  the  laboratory  to  achieve  a certain  objective  fall  to  produce  the  same  result 
consistently  when  transferred  to  a production  line  because  similar  power  sources,  even  of 
the  same  make,  have  slightly  variable  characteristics  for  the  same  settings  and  are 

affected  by  changes  in  the  mains  power  supply.  The  transistorised  power  source  does  not 

suffer  from  this  defect  and  the  same  settings  will  reproduce  the  same  results  with  great 
accuracy.  It  is  in  the  same  class  as  a high  precision  machine  tool. 


4-3 


In  this  context  an  interesting  observation  is  perhaps  not  out  of  place.  Ignorance  about 
welding  is  so  widespread  and  profound  in  industrial  management  that  even  companies 
replacing  their  machine  tools  frequently  and  maintaining  and  tending  them  with  the 
greatest  care  will  continue  using  old  welding  plant,  badly  maintained,  as  long  as  it  shows 
a spark  of  life  by  producing  an  arc,  and  are  then  surprised  and  irritated  if  the  results 
do  not  come  up  to  expectations. 

Precision  MIG  welding,  of  course,  also  requires  much  greater  precision  in  wire  feed  speed 
and  the  conventional  double  pressure  roll  feeding  system,  apart  from  deforming  the  wire, 
tends  to  slip  and  must  be  replaced  with  a capstan  system,  shown  in  Fig.  3.  The 
introduction  of  this  very  low  inertia  system  has  opened  the  way  to  synchronising  wire 
feed  with  current  pulse.  Wire  feed  pulses  varying  from  zero  to  17mm/sec  can  be  produced 
at  frequencies  of  approximately  8Hz.  If  this  is  used  with  a transistorised  power  source 
with  a square  wave  pulsing  capacity  of  1 x 10®  A/sec  and  the  current  is  pulsed  in 
synchronism  with  the  wire  feeder  between  30  and  300A,  welds  can  be  made  with  a penetration 
equal  to  that  for  300A  continuous  current  but  with  a total  heat  input  corresponding  to 
only  75A.  Thus  butt  joints  in  steel  plate  can  be  made  without  backing  or  root  gap. 

The  great  advantages  of  these  new  precision  welding  systems  are  the  accurate  control  of 
penetration,  bead  width,  heat  input,  solidification  and  weld  metal  structure,  permitting 
the  welding  of  materials  greatly  differing  in  thermal  capacity  as  the  result  of 
differences  in  mass,  thickness  or  thermal  conductivity.  At  the  same  time  precise  values 
for  a much  larger  number  of  welding  parameters  require  to  be  determined  experimentally. 
Indeed,  the  new  power  source  is  not  unlike  a computer;  it  can  be  programmed  by  a mini- 
computer but  requires  to  be  fed  with  the  correct  software  and  the  production  of  this 
software  requires  a formidable  effort  of  experimental  work.  Some  applications  of  the 
transistorised  power  source  are  shown  in  Fig.  4. 

Two  further  but  quite  different  developments  in  gas-shielded  welding  are  AC  MIG  and  twin 
electrode  switched  MIG  welding.  In  the  latter  process  the  arc  is  switched  alternately 
between  the  workpiece  and  one  or  other  of  two  electrodes  in  close  proximity,  as  shown  in 
Fig.  5a  and  b.  A great  variety  of  weld  bead  profiles  can  be  produced,  as  shown  in  Fig.  6. 

The  deep  "finger"  type  of  penetration  for  high  current  welding  can  be  avoided  by  better 
wetting  in  and  side-wall  fusion  and  a smoother  bead  profile  can  be  produced.  In  some 
respects  the  process  is  an  electrical  alternative  to  the  weaving  motion  of  the  manual 
welder  and  makes  complex  mechanical  torch  weaving  devices  unnecessary. 

The  system  is  not  limited  to  two  electrodes  or  indeed  to  MIG  welding.  Combinations  of 
MIG  and  TIG  are  possible  and  there  is  considerable  potential  for  practical  application  of 
the  system.  It  offers  the  possibility  of  mechanised  vertical  welding  of  thick  material 
because  the  better  heat  distribution  limits  the  size  of  the  weld  pool.  It  permits  higher 
deposition  rates  with  no  tendency  to  lack  of  side-wall  fusion. 

AC  MIG  welding  is  possible  with  high  open  circuit  voltage  of  over  250V  RMS  for  arc 
stabilisation  but  power  sources  with  such  high  open  circuit  voltage  would  constitute  an 
unacceptable  safety  hazard.  With  a suitable  reignition  system  by  pulse  injection  the 
open  circuit  voltage  can  be  reduced  to  70V  RMS.  Metal  transfer  occurs  mainly  during  the 
electrode  positive  half-cycle  but  at  high  currents  metal  transfer  occurs  also  during  the 
electrode  negative  cycle.  This  has  the  beneficial  effect  of  widening  the  current  range 
of  operation,  as  shown  in  Fig.  7 which  illustrates  the  relationship  between  wire  feed 
speed  and  current  for  DC-MIG  with  electrode  positive  and  AC-MIG  welding  for  1.6mm 
aluminium  wire.  Butt  and  fillet  welds  produced  by  AC  MIG  welding  in  aluminium  are  shown 
in  Fig.  8a,  b,  c and  d.  For  this  material  the  deposition  rate  is  at  least  50%  greater 
than  for  DC  at  the  same  current.  One  further  advantage  is  the  smaller  weld  pool  so  that 
positional  welding  at  higher  currents  is  much  easier.  The  deep  finger  penetration  with 
high  current  DC  welding  which  is  frequently  associated  with  porosity  is  absent  and  so,  of 
course,  are  magnetic  effects  which  are  so  frequently  a nuisance  in  DC  welding. 

Both  processes,  switched  multi  electrode  welding  and  AC  MIG  welding,  are  developments  with 
scope  for  increasing  deposition  rates  and  therefore  productivity,  in  addition  to  offering 
higher  weld  quality  under  certain  circumstances. 


IMPROVING  PRODUCTIVITY 


EB  and  Laser  Welding 

The  high  productivity  process  par  excellence  is  electron  beam  welding.  It  has  now  been 
developed  to  a point  where  steel  plate  up  to  150mm  in  thickness  (shown  in  Fig.  9)  can  be 
welded  in  one  pass  at  speeds  of  150mm/min.  Higher  speeds,  albeit  so  far  for  thin  material, 
can  be  achieved  in  laser  welding.  Both  processes  have  the  advantage  of  not  requiring 
filler  material,  which  constitutes  a further  saving.  The  principal  advantage,  howsver, 
appears  to  lie  in  the  potential  for  greatly  reducing  the  statistical  incidence  of  defects. 
In  conventional  fusion  welding  processes  the  number  of  variables  requiring  control  to 
achieve  high  quality  is  large  because  the  chemical  composition  and  cleanliness  of  the 
wire  and  the  purity  of  the  gas  in  gas-shielded  processes  and  the  purity  and  consistent 
quality  of  the  ingredients  in  the  flux  require  stringent  control  if  defects  are  to  be 
avoided.  In  addition,  there  is  the  variability  of  skill  and  conscientiousness  of  the 
operator.  Electron  beam  and  laser  welding  are  essentially  automatic  processes  using  high- 
precision  electronic  equipment  and  requiring  no  operator  skill.  Hydrogen  cannot  be 
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introduced  into  the  weld  and  defects  can  arise  only  from  variability  in  the  quality  of 
the  material  to  be  welded,  potential  advantages  which  one  would  have  thought  far  outweigh 
the  high  capital  cost  of  the  equipment.  Nevertheless,  for  reasons  given  earlier  electron 
beam  welding  and  laser  welding  have  made  very  slow  progress. 


Robots 


Efforts  to  replace  manual  skill  in  conventional  arc  welding  are  intensifying.  The 
development  of  the  programmable  transistorised  power  source  has  greatly  enhanced  the 
scope  for  using  industrial  robots  to  move  the  welding  torch  which  can  be  constructed  and 
programmed  to  follow  complex  joint  lines  in  space.  The  precision  in  the  movement  of 
robots  is  however  inadequate  to  maintain  the  arc  exactly  over  the  joint  line  and  at  the 
correct  distance.  With  a suitable  sensing  device  and  feedback  it  should  be  possible  to 
overcome  this  problem.  If  the  torch  is  energised  from  a transistorised  power  source  and 
"the  process  tolerance  limits"  as  defined  below  are  known,  the  correct  welding  parameters 
within  these  tolerance  limits  can  be  furnished  as  a function  of  torch  position  and  travel 
speed . 


Profess  Tolerance  Limits  and  Optimisation 

If  the  welding  parameters  such  as  wire  diameter,  voltage,  current,  wire  feed  speed  and 
others  in  a process  are  varied  at  random,  certain  combinations  of  parameters  will  produce 
acceptable  welds  and  others  will  produce  unacceptable  welds.  If  the  results  of  such 
experiments  are  plotted  in  a series  of  diagrams  relating  two  variables,  the  values  for  the 
parameters  giving  acceptable  welds  will  lie  within  a restricted  area  defining  the  degree 
of  variation  in  the  parameters  that  is  acceptable.  A typical  diagram  of  this  type  is 
shown  in  Fig.  10  for  a square  edge  butt  joint  made  in  12.7mm  thick  steel  by  submerged  arc 
welding.  The  highest  welding  speed  and  therefore  the  highest  productivity  would  be 
obtained  at  approximately  1200  Amps.  The  diagram  at  that  current  level  peaks,  which  means 
that  at  the  highest  travel  speed  the  current  must  be  held  absolutely  constant.  Even  a 
slight  reduction  in  current  would  produce  lack  of  penetration  and  an  excess  of  current 
would  produce  burn-through . If  this  condition  cannot  be  maintained  and  the  equipment  is 
so  unreliable  that  current  may  fluctuate  by  say  lOOA  either  way,  the  maximum  travel  speed 
will  drop  to  half.  The  same  diagram  shows  that  if  the  voltage  is  allowed  to  vary  from 
30V  to  28V  acceptable  welds  can  only  be  produced  at  much  lower  travel  speeds  and  currents. 
These  findings  emphasise  the  adverse  effects  on  productivity  resulting  from  the  use  of 
out-of-date  or  badly  maintained  welding  equipment. 

Results  from  a similar  investigation  of  the  TIG  welding  of  0.9mm  and  1.6mm  thick  stainless 
(AISI  316)  steel  sheet  in  the  flat  position  have  revealed  some  rather  startling  facts. 

One  series  of  experiments  was  carried  out  in  which  the  relation  between  travel  speed  and 
the  angle  of  inclination  of  the  torch  to  the  workpiece  was  examined.  The  results  are 
shown  in  Fig.  11.  With  the  torch  vertical  (0°)  the  maximum  travel  speed  attainable  to 
produce  acceptable  welds  is  approximately  40mm/sec  but  to  weld  at  this  speed  requires  the 
current  to  be  kept  constant  at  150A.  Even  small  deviations  either  side  from  this  value 
will  produce  lack  of  fusion  or  an  unstable  weld  pool.  By  inclining  the  electrode  45°  the 
welding  speed  can  be  more  than  doubled  and  the  tolerance  limits  for  current  are  increased 
by  nearly  50A  either  side  of  300A. 


WELDING  WITHOUT  FUSION 


Brief  reference  has  been  made  earlier  to  the  problem  of  meeting  steadily  stiffening 
requirements  for  perfection,  and  mechanical  properties  in  the  weld  and  the  heat-affected 
zone  matching  those  of  the  parent  metal,  by  the  fusion  welding  processes.  It  is  in  the 
nature  of  fusion  welding  that  the  weld  and  heat-affected  zone  must  differ  from  the  parent 
metal.  The  refinements  in  process  technology  briefly  referred  to  in  this  paper  are  not 
adequate  to  do  more  than  alleviate  this  problem  because  it  is  essentially  a function  of 
parent  metal  composition,  purity  and  homogeneity  and  its  response  to  high  temperatures. 

This  problem  area,  which  makes  fabrication  by  fusion  welding  increasingly  difficult, 
complex  and  costly  and  occasionally  almost  impossible,  must  gradually  shift  emphasis  to 
processes  not  requiring  the  attainment  of  fusion  temperatures.  Once  it  becomes  more 
generally  realised  that  we  are  at  the  end  of  the  road  as  far  as  fusion  welding  is  concerned 
and  that  it  is  just  not  within  the  inherent  capability  of  fusion  welding  to  satisfy  the 
stringent  requirements  now  imposed  over  an  ever  widening  field  of  construction,  we  shall 
have  to  turn  our  attention  to  alternatives. 

Resistance  welding,  though  still  involving  some  liquefaction,  does  not  suffer  to  the  same 
extent  from  material  problems  which  beset  the  fusion  welding  field.  Moreover,  for 
resistance  spot  welding  and  flash  welding  automatic  quality  control  employing  feedback 
has  reached  a very  advanced  stage  of  development.  Considering  that  for  many  decades  R & D 
effort  in  this  field  has  been  minute,  the  possibility  that  sustained  and  greatly 
intensified  effort  to  broaden  its  range  of  application  by  using  quite  novel  power  sources 
such  as  the  homopolar  generator  could  yield  quite  startling  results  deserves  serious 
consideration. 

Diffusion  bonding  has  been  around  for  a very  long  time  and  considering  the  high  quality 
of  joints  that  can  be  produced  and  the  almost  total  absence  of  metallurgical  problems, 
changes  in  mechanical  properties  and  defects,  it  is  an  attractive  process  that  deserves 
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much  greater  attention  that  It  has  received.  Compared  with  fusion  welding  it  seems  so 
natural  and  simple  a process  of  joining  and  it  is  surprising  that  it  has  not  found  more 
widespread  application  and  has  attracted  so  little  R i D effort. 

The  great  advantages  of  solid-phase  joining  processes  are  perhaps  best  illustrated  by 
friction  welding.  Metallurgical  problems  are  almost  non-existent  and  a wide  variety  of 
dissimilar  metals  can  be  joined;  defective  welds  can  be  avoided  by  using  automatic 
quality  control  and  monitoring.  It  is  of  course  limited  at  present  to  the  welding  of 
cylindrical  or  nearly  square  components  to  each  other  or  to  reasonably  flat  surfaces.  A 
good  illustration  of  the  application  of  friction  welding  is  shown  in  Fig.  12.  A dozen 
high-alloy  steel  studs  are  attached  by  friction  welding  to  a machined  cylindrical 
component  in  four  rows  of  three  spaced  at  9o“  round  the  circumference.  A special 
machine,  shown  in  Fig.  13,  was  designed  and  constructed  in  order  to  maintain  the  very 
fine  dimensional  tolerances  required  not  only  for  the  finished  lengths  of  the  studs  but 
for  the  spacing  in  both  the  axial  and  circumferential  directions. 

Radial  friction  welding  of  tubes  and  pipes  is  another  interesting  development.  A wedge- 
shaped  ring  is  rotated  in  a double-vee  preparation  formed  at  the  ends  of  the  stationary 
tubes  to  be  joined,  identical  to  that  which  would  be  required  for  a fusion  weld;  during 
rotation  radial  pressure  is  applied  to  the  ring,  forcing  it  into  the  joint  preparation 
and  welding  it  to  the  tube  ends.  Such  a weld  is  almost  indistinguishable  in  appearance 
from  a fusion  weld  but  is  guaranteed  to  be  free  from  defects  and  to  have  the  same 
mechanical  properties  as  the  tube  (Fig.  14). 


CO-OPERATION  IN  RESEARCH 


The  decline  in  R & D that  has  talten  place  all  over  the  developed  world  has  placed 
increased  emphasis  on  the  possibilities  of  international  co-operation.  The  International 
Institute  of  Welding,  with  the  General  Secretariat  in  London  and  the  Scientific  and 
Technical  Secretariat  in  Paris,  is  an  organisation  which  is  potentially  ideally  suited  to 
fostering  such  co-operation.  Thirty-seven  countries,  listed  in  Appendix  1,  are 
participating  in  its  work.  It  was  founded  in  1948  and  is  organised  in  16  Commissions,  to 
which  each  of  the  participating  countries  has  the  right  to  appoint  a delegate  and  a 
number  of  experts  and  observers.  The  IIW  holds  an  annual  meeting,  each  time  in  a 
different  country,  and  most  of  the  time  is  devoted  to  meetings  of  the  Commissions  which 
are  not  held  in  public.  It  is  obvious  from  the  list  of  Commissions  given  in  Appendix  2 
that  not  all  Commissions  are  concerned  with  research,  and  research  and  development  is  a 
predominant  topic  in  a relatively  small  number  of  Commissions,  such  as  Commission  X on 
Residual  Stresses  and  Brittle  Fracture  and  Commission  XIII  on  Fatigue.  The  Commissions 
concerned  with  research  endeavour  to  promote  some  degree  of  alignment  of  national 
programmes  and  greatly  foster  the  exchange  of  information.  There  are  limits,  however,  to 
what  can  be  achieved  because  the  International  Institute's  income  from  subscriptions 
collected  from  member  countries  is  quite  modest  and  scarcely  covers  the  administrative 
expenditure  incurred  in  running  any  international  organisation.  Nevertheless  the 
discussions  taking  place  within  the  framework  of  the  Commissions  have  an  indefinable 
but  undoubtedly  considerable  influence  on  the  thinking  of  those  participating  in  the  work. 
A large  number  of  reports  emanating  from  the  different  countries  and  describing  work  in 
those  countries  during  the  past  year  are  discussed  at  Commission  meetings  and  it  is  the 
duty  of  national  representatives  to  keep  others,  who  are  unable  to  participate  in  the 
Commission  meetings  personally,  informed  on  what  goes  on.  There  is,  in  the  author's 
opinion,  no  other  international  organisation  with  such  extremely  modest  funds  at  its 
disposal  that  is  equally  effective  in  fostering  international  discussion  and  a flow  of 
information . 

The  Welding  Institute  in  the  United  Kingdom,  of  which  the  author  had  the  honour  of  being 
Director  General  until  last  month,  promotes  co-operation  in  a different  way.  It  is 
supported  by  approximately  700  individual  industrial  organisations  in  28  countries, 
listed  in  Appendix  3,  paying  annual  subscriptions  which  are  pooled  and  expended  in  the 
pursuance  of  research  projects  of  common  interest  to  large  sections  of  its  membership. 

Most  of  the  technical  topics  touched  upon  in  this  lecture  formed  part  of  this  programme 
and  the  results  are  communicated  to  Members  in  the  form  of  research  reports  and  also  in  a 
monthly  Bulletin  published  by  the  Institute  but  available  to  Members  only.  The  programme 
itself  is  defined  in  great  detail  and  supervised  by  a Board  consisting  of  representatives 
of  the  member  organisations. 

In  addition  to  the  general  programme,  specific  projects  which  are  of  interest  only  to 
industrial  organisations  operating  in  specific  areas,  such  as  for  instance  the  pressure 
vessel  field,  are  carried  out  under  research  contracts  financed  by  those  companies 
specifically  interested  in  the  particular  topic  and  controlled  by  their  representatives. 
One  such  project  recently  completed,  and  in  which  companies  from  several  industrial 
companies  participated,  was  an  investigation  into  the  weldability  problems  encountered  in 
the  application  of  high-power  electron  beam  welding  of  thick  steel  plate,  such  as  is  used 
in  the  pressure  vessel  industry.  The  results  of  this  work  are  of  course  confidential  to 
the  companies  participating  in  the  project. 

Research  contract  work  is,  of  course,  also  carried  out  for  individual  industrial  companies 
and  Departments  of  Government  not  only  in  the  United  Kingdom  but  also  in  other  countries. 

After  the  entry  of  the  United  Kingdom  into  the  European  Economic  Community  The  Welding 
Institute  and  the  Universities  of  Ghent  and  Aachen  took  the  initiative  in  forming  the 
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European  Research  Institute  for  Welding,  membership  of  which  is  open  to  other  independent  j 
research  organisations  entirely  devoted  to  welding  technology  within  the  European  1 
Community.  The  object  of  the  European  Institute  is  to  promote  collaborative  welding  1 
research  within  the  Community  and  to  strengthen  the  capability  of  each  of  the  participating  I 
Institutes  by  making  available  to  each  of  them  the  facilities  of  the  others.  This  has  i 
already  proved  of  great  benefit  in  the  course  of  an  investigation  now  in  progress  and  i 
concerned  with  the  improvement  of  the  notch  ductility  of  welds  and  heat-affected  zones  in  i 
electroslag  welding  of  heavy  steel  fabrications.  i 


STANDARDISATION  AND  INSPECTION 

Progress  in  standardisation  in  the  welding  field  is  inevitably  slow  because  the  adoption 
of  common  standards  in  different  countries  frequently  has  far-reaching  commercial 
implications.  The  adoption  of  a new  safety  standard  for  welding  equipment,  for  instance, 
may  consign  a very  large  quantity  of  welding  equipment  to  the  scrap-heap.  New  standards 
may  also  involve  extensive  redesign  and  retooling,  changes  which  no  enterprise  will  view 
with  equanimity,  particularly  in  a period  of  severe  financial  stringency.  It  is  indeed 
surprising,  if  not  disheartening,  to  see  that  even  within  the  original  members  of  the 
European  Economic  Community  none  of  the  technological  barriers  to  the  free  exchange  of 
goods,  which  is  one  of  the  avowed  objectives  of  the  Community,  have  been  touched,  let 

i alone  eliminated,  and  there  is  no  sign  that  a start  is  being  contemplated  in  the  removal 

of  such  barriers  in  the  welding  field.  This  applies  not  only  to  equipment  used  for 
cutting  and  welding  and  to  consumables,  but  also  to  parent  materials  and  to  the  products 

I made  by  fabrication,  such  as  pressure  vessels.  For  instance,  the  design  requirements  for 

pressure  vessels  are  different  in  almost  every  country  of  the  Community  and  of  course  are 

(different  again  from  those  used  in  Canada,  the  United  States  or  Japan.  This  seems  highly 
illogical  because  it  is  difficult  to  see  why  what  has  been  used  in  perfect  safety  in  one 
country  for  many  years  should  not  be  equally  usable  with  the  same  degree  of  safety  in  any 
. other  country.  For  instance,  bulk  storage  vessels  for  CO2  used  in  welding  can  be  much 

thinner  in  Germany  than  in  the  United  Kingdom:  regulators  for  gas  bottles  used  in  the 
United  Kingdom  are  considered  unsafe  in  Germany  and  the  list  of  similar  discrepancies  is 
endless. 

International  standardisation  is,  of  course,  an  entirely  voluntary  activity  carried  out 
under  the  aegis  of  the  International  Standards  Organisation  and  it  is  not  surprising  that 
f progress  in  the  formulation  of  international  standards  is  painfully  slow  considering  the 

I important  and  quite  legitimate  interests  involved  and  the  fact  that  the  technical 

assistance  that  can  be  rendered  to  standards  committees  by  permanent  staff  is  extremely 
limited  because  the  financial  resources  available  for  standardisation  activities,  not 
only  on  an  international  scale  but  also  on  a national  scale,  are  woefully  inadequate  in 
relation  to  the  magnitude  of  the  task  to  be  performed. 

One  particularly  weak  area  is  that  of  standards  for  inspection  procedures  and  the 
application  of  quality  standards.  The  qualification  required  by  inspection  personnel  is 
; generally  ill-defined  and  there  are  no  common  training  or  examination  requirements  for 

such  people.  In  the  United  Kingdom  a national  system  for  certification  has  been 
introduced  which  at  least  guarantees  that  those  charged  with  the  application  of  inspection, 
particularly  radiography  and  ultrasonics,  reach  a minimum  standard  of  competence.  Similar 
systems  do  not,  however,  exist  anywhere  else. 

There  are  also  very  wide  differences  in  the  quality  standards  required  to  be  attained  in 
different  countries  and  sometimes  even  those  applied  by  different  inspection  authorities 
in  one  and  the  same  country.  Despite  great  perseverance  on  the  part  of  one  of  the 
Commissions  of  the  International  Institute  of  Welding  to  formulate  proposals  for  an 
international  acceptance  standard  for  weld  quality,  these  endeavours  have  not  yet  come  to 
fruition.  In  the  United  Kingdom  a committee  of  the  British  Standards  Institution  has  been 
in  being  for  seven  years  and  has  produced  a draft  on  defect  acceptance  standards  which, 
to  put  it  mildly,  has  not  been  received  with  great  enthusiasm  by  any  of  the  organisations 
directly  affected  by  it,  despite  the  fact  that  all  these  organisations  were  directly 
represented  on  the  committee  formulating  the  draft.  The  difficulties  in  reaching  common 
ground  in  this  area  are,  of  course,  formidable  and  are  possibly  only  another  indication 
of  the  problem  referred  to  earlier,  that  we  have  entered  a period  where  the  requirements 
for  fusion-welded  joints  have  gone  considerably  beyond  that  which  fusion  welding  processes 
can  be  expected  to  deliver.  It  would  not  be  surprising  if  fusion  welding  were  replaced 
by  other  processes  long  before  such  common  standards  of  acceptance  have  been  agreed. 

The  author  cannot  claim  close  familiarity  with  welding  equipment  used  by  the  armed  forces 
within  the  North  Atlantic  Treaty  Organisation  but  from  such  scraps  of  information  as  have 
come  to  his  attention  it  is  obvious  that  no  attempt  has  been  made  to  make  welding 
equipment  or  consumables  freely  interchangeable.  To  what  extent  this  might  constitute  a 
handicap  in  times  of  conflict  is  for  others  to  consider.  It  is  natural,  of  course,  for 
each  country  to  place  large  government  contracts  for  equipment  with  its  own  industry  and 
to  use  as  far  as  possible  the  products  commercially  available  within  the  country  concerned. 
Since  very  little  progress  has  been  made,  as  pointed  out  earlier,  in  adopting  common 
standards  even  within  a limited  number  of  countries  such  as  the  European  Economic  Community, 
it  is  not  surprising  that  this  state  of  affairs  is  reflected  in  the  military  field. 
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APPENDIX  1 


Countries  participating  In  the  International  Institute  of  Welding 


Argentina 

Australia 

Austria 

Belgium 

Brazil 

Bulgaria 

Canada 

China 

Czechoslovakia 

Denmark 

Fed.  Pep  Germany 

Finland 

France 


German  Dem.  Rep. 

Hungary 

India 

Iran 

Ireland 

Israel 

Italy 

Japan 

Netherlands 
New  Zealand 
Norway 
Poland 


Portugal 

Rumania 

South  Africa 

Spain 

Sweden 

Switzerland 

Turkey 

United  Kingdom 

United  States 

USSR 

Uruguay 

yugoslavia 


appendix  2 


Commissions  of  the  International  Institute  of  Welding 


Commission  I 
Commission  II 
Commission  III 
Commission  IV 
Commission  V 
Commission  VI 
Commission  VIII 
Commission  IX 
Commission  X 
Commission  XI 
Commission  XII 
Commission  XIII 
Commission  XIV 
Commission  XV 
Commission  XVI 
Study  Group  212 


Gas  Welding,  Brazing  and  Cutting 
Arc  Welding 
Resistance  Welding 
Special  Welding  Processes 

Testing,  Measurement  and  Control  of  Welds 

Terminology 

Hygiene  and  Safety 

Behaviour  of  Metals  subjected  to  Welding 

Residual  Stresses  and  Stress  Relieving,  Brittle  Fracture 

Pressure  Vessels,  Boilers  and  Pipelines 

Flux  and  Gas  Shielded  Electrical  Welding  Processes 

Fatigue  Testing 

Welding  Instruction 

Fundamentals  of  Design  and  Fabrication  for  Welding 
Welding  of  Plastics 

Pnysics  of  the  Arc  and  other  high  energy  Sources  used  for  Welding 
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Countries  with  Organisations  in  Research  Membership  of  The  Welding  Institute 


United  Kingdom 

Australia 

Argentina 

Bahrain 

Belgium 

Brazil 

Canada 

Denmark 

Fed.  Rep.  Germany 


Finland 

France 

India 

Irish  Republic 

Italy 

Japan 

Kuwa i t 

Luxembourg 

Malta 

Netherlands 


New  Zealand 

Nigeria 

Norway 

Portugal 

Singapore 

South  Africa 

Spain 

Sweden 

Switzerland 

USA 


FIG.  1 Tube  to  tube  plate  joints  in  stainless  steel  heat  exchanger 
for  atomic  power  application.  The  weld  on  the  left  is 
unacceptable  because  the  weld  contour  of  the  cross-section 
is  outside  the  prescribed  limits.  It  was  made  with  a power 
source  using  a magnetic  amplifier.  The  weld  shown  on  the 
right  is  within  the  prescribed  contour  and  was  made  with  a 
transistorised  power  source. 


FIG.  2 Pulsed  keyhole  plasma  weld  in  950mm  diameter,  3mm  wall  thick- 
ness stainless  steel  tube  of  type  AISI  304. 
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/ Pressure 
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FIG.  J Capstan  drive  precision  wire  feeder 


Examples  of  various  welded  joints  made  with  a transistorised 
power  source. 
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FIG.  7 Welding  current/wire  feed  speed  relationships  for  DC 

positive  and  AC  welding  showing  extended  working  range 
and  higher  deposition  rate  of  AC  MIG.  1 - jetting  and  2 - 
globular  transfer  regions  (1.6mm  aluminium  wire). 


Section  of  electron  beam  weld  made  in  150mm  thick  steel  at 
150mm/min  travel  speed. 


Untitrcui 


Lack  of 
ptnetntion 


frcess/re  bead  height 


Excemve  bead  width 


(Boundary  conditons 
as  tab/e  / ) 


Welding  currentA 


Relation  between  welding  speed  and  welding  current  in 
submerged  arc  welding  at  different  voltages  for  DC 
electrode  positive,  5mm  diameter  wire,  12.7mm  thick 
steel  plate,  fused  acid  flux. 


mm/  sec 


The  twelve  projecting  studs  have  to  be  spaced  with  great 
precision  both  axially  and  circumferentially  and  there  are 
narrow  tolerances  for  the  finished  length. 


d 


NON-WELDING  JOINING,  CUTTING  AND  THERMAL  SPRAYING  METHODS 

by 

Prof.  Dr.-Ing.  H.-D.  Steffens 
University  of  Dortmund 
D 4600  Dortmund  50,  Germany 


SUMMARY 

High  mechanical  properties  under  room  and  elevated  temperatures  significantly  characte- 
rize high  temperature  brazed  joints,  provided  optimum  brazing  conditions  are  maintained.  Par- 
ticularly in  connection  with  nickel-  and  cobalt-base  superalloys  as  parent  materials  this 
joining  process  reveals  remarkable  advantages. 

No  heat  at  all  will  necessarily  be  used  in  metal  or  polymer  bonding,  where  no  restric- 
tions are  given  in  the  selection  of  material  to  be  joined.  The  short  term  low  temperature 
properties  of  the  joints  are  excellent  when  thermal  resistivity  is  poor,  and  long  term  pro- 
perties, specially  under  environmental  conditions,  are  widely  unknown.  However,  many  examples 
are  known  for  applied  bonding  joints  in  aerospace  industries. 

Thermal  cutting  processes  are  used  as  preparation  methods  for  metallic  components  prior 
to  welding  or  other  joining  processes.  Oxy-acetylene  plasma  arc  and  laser  beam  cutting  offer 
certain  advantages  for  particular  materials  and  sheet  thicknesses.  There  is  a strong  develop- 
ment in  laser  techniques  by  which  cutting  processes  in  aircraft  industries  will  be  affected. 

Thermal  spraying  has  turned  out  to  be  an  efficient  means  for  the  protection  of  surface 
areas  in  structural  aircraft  components.  Particularly  in  jet  engines  numerous  parts  are 
sprayed  by  flame,  detonation  or  plasma  process.  Recent  improvements  in  plasma  spraying  now 
offer  sophisticated  coating  systems  which  even  meet  the  requirements  for  highly  loaded  en- 
gine components  such  as  turbine  rotor  blades. 


1 . INTRODUCTION 

Beside  welding,  non-welding  joining,  cutting  and  thermal  spraying  techniques  have 
gained  place  in  aerospace  technology.  As  far  as  joining  is  concerned,  especial  attention  has 
to  be  given  to  high  temperature  brazing  and  bonding  by  plastic  adhesives. 

As  compared  with  conventional  welding  techniques,  the  heat  input  in  high  temperature 
brazing  is  small,  though  gold,  palladium  and  nickel-  or  cobalt-base  alloys  are  used  as  filler 
materials. 

High  temperature  brazing  is  preferably  applied  in  airplane  and  turbine  constructions 
when  high  temperature  resistent  Ni-  and  Co-base  alloys  are  to  be  joined.  As  a result  of  in- 
vestigations on  the  mechanical  properties  at  low  and  elevated  test  temperatures,  it  is  well 
established.  It  will  be  shown  that  high-temperature  brazing  turns  out  to  be  a promising  means 
of  joining  high- temperature  high-strength  materials  the  welding  of  which  is  connected  with 
serious  difficulties. 

Nearly  all  kinds  of  sandwich  constructions  can  be  produced  by  metal  bonding  provided 
the  mechanical,  physical  and  chemical  properties  of  the  adhesive  meet  the  service  require- 
ments. Efforts  have  been  made  to  improve  adhesion  and  cohesion  strength  of  the  adhesive  as 
well  as  its  long  term  and  environmental  behaviour  by  means  of  reinforcements  and  the  develop- 
ment and  application  of  temperature  resistent  plastics. 

As  a preparation  for  welding  and  all  other  joining  techniques,  thermal  cutting  methods 
are  widely  used  for  aerospace  components.  Based  on  the  present  state  of  flame,  plasma  arc 
and  laser  beam  cutting,  we  may  predict  that  C02-laser  beam  cutting  will  rapidly  develop  into 
a potential  means  for  cutting  all  kindsof  materials  with  great  efficiency.  Increasing  atten- 
tion will  certainly  be  paid  in  the  future  to  applications  and  interesting  metallurgical, 
technical  and  economic  aspects  as  well  as  to  special  environmental  problems. 

Thermal  spraying  occupies  a marginal  place  among  welding  techniques,  though  it  has  many 
uses  including  the  production  of  coatings  for  wear  and  corrosion  protection.  For  example, 
coatings  are  used  for  airplane  turbine  components  by  single  and  multi-layer  spraying  techni- 
ques. As  established  methods  in  aerospace  industries,  flame,  flameshock  and  plasma  arc  spray- 
ing are  applied  in  order  to  protect  various  components  against  elevated  temperatures,  wear, 
corrosion  and  erosion  by  special  coating  materials.  Attention  has  to  be  given  to  the  pheno- 
mena occurring  in  the  adhesion  of  sprayed-on  metal  and  non-metallic  films  to  metal  surfaces 
to  their  structure  and  properties  as  well  as  to  possl..  means  of  quality  control. 

2.  HIGH-TEMPERATURE  BRAZING 
2.1  INTRODUCTION 

For  the  joining  of  high-strength  materials,  which  are  subjected  to  both  elevated  temper- 
atures and  higher  mechanical  stresses  in  service,  an  increasing  attention  is  given  to  high- 
temperature  brazing  processes.  Generally,  the  brazing  procedure  is  carried  out  at  temper- 
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atures  between  900  and  1280  °C  according  to  the  kind  of  filler  materials. 

Brazing  temperatures  of  the  above  degrees  will  obviously  reduce  the  number  of  possible 
base  materials  to  the  high  temperature  range.  Thus  nickel-  and  cobalt-base  superalloys  and 
age  hardening  austenitic  high-temperature  resistant  steels  are  preferably  used  as  base  me- 
tals. 

Their  field  of  application  in  aerospace  industries  is  mainly  that  of  turbine  and  en- 
gine manufacture,  where  high  temperature  resistivity  up  to  1200  °C  is  required  / 1 /.  The 
weldability  of  the  materials  mentioned  above  is  limited,  and  structural  changes  - like  those 
which  occur  in  the  HAZ  during  the  welding  - should  be  avoided  in  most  cases.  In  this  case 
high-temperature  brazing  offers  a remarkable  alternative  to  other  competing  welding  methods. 
When  different  materials  have  to  be  joined,  the  welding  properties  of  which  vary,  or  when 
complex  structures  need  joining  processes,  no  difficulties  arise  in  HT  brazing  owing  to  the 
manifold  possibilities  in  operating  procedures. 

Brazing  may  be  carried  out  both  in  vacuum  or  in  a controlled  atmosphere  with  no  signi- 
ficant differences  in  the  resultant  properties  of  the  joint.  In  the  case  of  large  structures, 
brazing  is  generally  performed  in  an  oven  under  controlled  atmosphere  and  the  heat  treatment 
of  the  base  metal  components  may  follow  the  joining  operation.  On  the  other  hand,  electrical 
resistance  or  HF  heated  vacuum  devices  provide  certain  metallurgical  advantages,  because 
gaseous  contaminations  of  the  filler  material  as  well  as  of  the  adjacent  parent  metals  are 
minimized.  Owing  to  the  degassing  effect  of  the  vacuum,  the  oxygen  and  nitrogen  contents  of 
the  liquid  filler  metal  is  reduced  and  easily  volatilizing  oxides  of  both  filler  and  base 
metal  constituents  can  disappear. 


2.2  FILLER  MATERIALS 

Of  the  large  variety  of  filler  materials,  which  range  from  copper-  and  silver-base  me- 
tals to  nickel-,  manganese-,  cobalt-,  gold-  and  palladium-alloys,  those  made  from  nickel  and 
gold  now  offer  the  greatest  advantages  for  aerospace  application. 

(Because  of  their  good  resistance  to  high  temperatures,  nickel  and  cobalt  provide  a good 
starting  point  for  development  of  filler  metals  for  high-temperatures  service.  Table  1.  The 
metals  are  sufficientlv  ductile.  By  proper  additions  of  other  elements  filler  metals  are  pro- 
duced with  excellent  strength  as  well  as  oxidation  and  high  temperature  corrosion  resistance, 
f The  elements  commonly  used  as  alloying  additions  are  chromium,  silicon,  boron,  phosphorus, 

t iron  and  manganese.  The  primary  function  of  chromium  is  to  increase  the  oxidation  resistance. 

I The  other  elements  increase  strength,  lower  the  melting  point  of  nickel  and  promote  wettabi- 

lity properties. 

! The  alloying  elements  in  the  filler  metals  are  necessary  to  obtain  the  proper  brazing 

I characteristics.  However  they  show  a strong  tendency  to  aggressively  corrode  the  parent  me- 

j tals.  The  corrosion  takes  place  by  diffusion  into  or  erosion  of  the  base  metal. 

1 Diffusion  and  erosion  by  nickel-base  filler  metals  have  been  of  particular  concern  to 

the  aircraft  industry  where  brazing  of  thin  sections  is  a common  practice.  Although  the 
nickel-chromium-boron  and  nickel-chromium-silicon  filler  metals  are  now  widely  used,  the 
approval  of  the  brazing  alloys  was  slow.  Owing  to  a lack  of  knowledge  about  the  raetallurgi- 
j cal  changes  caused  by  boron  and  silicon,  very  little  was  known  about  the  characteristics  of 

I boron-  and  silicon-containing  filler  metals. 

i Several  methods  have  been  developed  to  minimize  corrosion  by  brazing  filler  materials. 

The  electroplating  of  the  base  metal  by  means  of  nickel  has  been  found  to  prevent  uncon- 
trolled braze-metal/base-metal  interface  reactions  121.  Another  means  for  minimizing  this 
interaction  is  provided  by  accurate  control  of  both  the  amount  of  filler  metal  and  the  bra- 
i zing  temperature  cycle. 

I 

Another  method  is  provided  by  the  use  of  pure  metal  powders  such  as  nickel  or  powders 
with  the  base-metal  composition.  The  powders  are  added  to  the  filler  metal  in  order  to  in- 
hibit the  reaction  with  the  base  metal.  Together  with  these  precautions,  the  variation  of 
the  brazing  alloy  composition,  the  brazing  temperature  and  the  time  at  temperature  are  the 
important  functions  in  the  control  of  diffusion  and  erosion  effects  / 3 /. 

The  main  applications  of  Ni-  and  Co-based  brazing  filler  metal  for  high-temperature 
brazing  are  found  in  joining  high-strength  materials  in  turbine  installations  and  aircraft 
machine  engineering.  High-temperature  brazed  joints  provide  excellent  mechanical  and  thermal 
load  carrying  capacities  as  well  as  high-temperature  resistance. 

The  required  property  of  resistance  to  embrittlement  at  elevated  temperatures  is  of  par- 
ticular significance  for  critical  aircraft  structures.  However,  when  larger  brazing  gaps 
occur,  the  filler  metals  show  strong  sensitivity  to  embrittlement.  In  order  to  avoid  the 
formation  of  brittle  phases  and  the  rapid  diffusion  of  boron  and  silicon  along  the  grain 
boundaries  into  the  base  material,  the  optimum  brazing  conditions  have  to  be  observed  accord- 
ing to  the  prescriptions  given  by  the  producers  of  the  filler  materials. 
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2.3  PROPERTIES  OF  HIGH-TEMPERATURE  BRAZED  JOINTS 

2.3.1  INFLUENCE  OF  THE  HEAT  TREATMENT  ON  MECHANICAL  PROPERTIES 

Among  the  various  filler  metals,  the  BNi-5  alloy  has  proved  to  provide  excellent  tech- 
nical and  economic  performance  when  Ni-base  alloys  are  to  be  joined. 

The  element  Si,  which  decreases  the  melting  range  of  the  brazing  filler  metal  BNi-5, 
forms  silicide  precipitations  in  the  gap  during  brazing.  Because  of  these  silicides,  low 
values  of  notch  impact  strength,  fracture  toughness,  creep  strength  and  fatigue  can  be  ex- 
pected. For  the  successful  application  of  these  joints,  however,  it  is  necessary  to  produce 
sufficient  strength  at  high  temperatures  under  static  as  well  as  under  dynamic  loading  con- 
ditions. As  shown  in  earlier  investigations,  the  brittle  phases  in  the  braze  control  the 
progress  of  fracture  / 4 /.  Therefore  attempts  have  been  made  to  influence  the  structure  of 
the  brazed  gap  so  that  satisfactory  values  of  toughness  and  strength  can  be  achieved.  The 
formation  of  gaps  with  not  more  than  15  pm  in  width  eliminates  the  formation  of  silicides 
/ 5 /.  With  respect  to  the  ternary  system  Ni-Cr-Si,  attention  is  drawn  to  the  fact  that  the 
brazing  filler  metal  BNi-5  is  apt  to  form  silicides. 

Therefore,  in  gaps  with  a width  not  more  than  25  pm,  an  interaction  between  base  ma- 
terial and  the  brazing  filler  occurs  and, as  a result,  the  brittle  phases  disappear.  By  in- 
creasing the  period  for  interaction  of  base  material  and  brazing  filler  metal,  it  is  poss- 
ible to  use  a gap  width  of  more  than  25  pm  and  still  achieve  better  structure.  For  example, 
the  base  material  Nimonic  80A  requires  a solution  heat  treatment  at  a temperature  of  1080°C. 
It  is  possible  to  combine  this  solution  heat  treatment  of  the  base  material  with  the  heat 
treatment  to  influence  the  formation  of  silicides.  A temperature  of  1100  °C  for  20  hours 
was  found  to  be  a convenient  heat  treatment.  In  order  to  obtain  optimum  strength  properties, 
the  joints  are  age  hardened  at  a temperature  of  710  °C  for  16  hours.  This  treatment  causes 
a change  in  the  microstructure  as  shown  in  Figs.  1 and  2 

The  influence  of  the  heat  treatment  after  brazing  on  the  fatigue  behaviour  is  remark- 
able, Fig.  3.  The  S-N  curve  shows  a considerably  increased  strength  under  cyclic  load  at 
room^temperature.  If  the  brazed  joint  is  subjected  to  a heat  treatment  at  a temperature  of 
700  °C  for  a long  period,  the  hardness  of  the  braze  decreases,  but  the  age  hardening  rai- 
ses the  hardness  of  the  base  material.  Fig.  4. 


2.3.2  MECHANICAL  BEHAVIOUR  OF  HIGH-TEMPERATURE  BRAZED  JOINTS 

The  mechanical  behaviour  of  high-temperature  brazed  joints  is  determined  by  a large 
number  of  factors  which  exert  influence  on  the  materials,  the  geometry  or  the  process. 

As  to  the  materials,  not  only  the  properties  of  the  high-temperature  filler  metals  but  also 
the  mechanical  qualities  of  the  base  materials  determine  the  carrying  capacity  of  the  joints. 

Under  load  a high  yield  strength  of  the  parent  metals  generally  prevents  narrow  gap 
joints  from  contracting  in  the  joining  area  where  a multiaxial  stress  condition  is  origina- 
ted. By  means  of  micro  cinematographic  examinations  of  joints  made  from  the  Nickel-base- 
superalloy  NiCr20TiAl  and  the  filler  metal  BAu-4 , it  was  established  that  different  sec- 
tions of  the  joint  participate  in  the  failure  process  during  loading  / 6 /.  During  brazing 
the  base  material  is  subjected  to  temperatures  exceeding  that  of  the  solution  heat  treat- 
ment. This  may  be  the  reason  why  the  areas  of  the  base  material  near  the  brazing  seam  tend 
to  fail  prematurely.  Fig.  5. 

The  brazing  seam,  which  occupies  a width  of  about  100  pm,  is  situated  between  coarse 
grained  base  materials  zones.  Besides  the  plastic  deformation  of  the  filler  metal,  one  can 
perceive  the  formation  of  first  slip-bands  in  these  areas.  However  the  ductility  remains 
poor . 


In  both  the  seam  and  the  coarse  grain  areas  the  failure  eventually  takes  place  with 
the  fracture  following  preferably  the  brazing  seam  with  its  inhomogeneous  structure. 

For  practical  applications  the  fatigue  behaviour  of  joints  in  aerospace  constructions 
is  of  considerable  importance.  A comparison  of  the  fatigue  strength  for  finite  life  of  the 
NiCr20TiAl/BNi-5  joint  at  various  test  temperatures  (room  temperature  and  700  °C)  under 
one-stage  as  well  as  under  multi-stage  loading  conditions  is  shown  in  Fig.  6.  Investigations 
of  the  fracture  surface  of  fatigue-loaded  specimens  showed  that  the  crack  mostly  starts  in- 
side the  brazed  area  and  then  extends  through  the  cross  section  of  the  gap.  The  typical 
striation  spacings  were  detected  on  the  fatigue  fracture  surface.  Fig.  7.  They  may  easily 
be  correlated  to  the  cycles  of  the  fatigue  load  during  crack  propagation  across  the  exa- 
mined area. 

2.4  BRAZING  DEFECTS  AND  THEIR  ORIGIN 

Most  of  the  brazing  defects  refer  to  incorrect  brazing  temperatures.  In  general,  four 
particular  fracture  types  are  discernable  which  are  schematically  represented  in  Fig.  8. 

In  the  case  (a)  a blow-hole  exists  the  surface  of  which  has  a bright  metallic  aspect, Fig.  9. 
Figure  (b)  shows  a plateau  forming  protrusions  of  considerable  size. 

The  plateaus  rise  very  abruptly  from  the  surrounding  surface.  In  this  case  the  fracture 
surface  lies  in  the  brazed  seam,  whereas  in  figure  (c)  the  fracture  is  at  the  base  material. 
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i.e.  on  the  braze  interface.  The  surrounding  surfaces  of  these  fractures  are  freguently 
oxidized.  Grinding  marks  can  be  discerned.  It  is  assumed  that  insufficient  bonding  during 
the  brazing  process  occurs  and  that  post-brazing  heat  treatment  gives  rise  to  oxidisation. 
A failure  as  a result  of  adverse  surface  tension  effects  in  shown  in  figure  (d) . 

As  these  defects  may  considerably  reduce  the  life  of  important  structural  components, 
great  care  should  be  given  to  the  accurate  observation  of  optimum  brazing  conditions. 


3.  ADHESIVE  BONDING 
3.1  INTRODUCTION 

Besides  riveting  and  bolting,  adhesive  bonding  appears  to  be  the  only  possibility  for 
joining  a large  number  of  materials. 

The  systematic  development  specially  of  metal  bonding  techniques  was  initiated  by  the 
aircraft  industries  owing  to  the  numerous  advantages  offered  to  cell  structure  designers. 

In  contrast  with  welding  or  brazing,  bonding  does  not  need  elevated  temperatures  so 
that  neither  structure  nor  mechanical  properties  of  the  materials  are  influenced  detrimen- 
tally. 

Modern  adhesives  are  made  from  synthetic  polymers  with  a relative  low  strength  as  com- 
pared with  metals.  Therefore,  bonded  structures  normally  require  large  joining  areas  and 
are  used  in  single  or  double  overlappings. 

In  these  bonds  stress  concentrations,  which  occur  in  spot-welded  or  riveted  joints  and 
have  led  in  the  past  to  severe  failures,  are  avoided.  Fig.  10. 

Furthermore,  bonded  structures  do  not  only  reveal  a nearly  ideal  stress  distribution 
but  also  prevent  moisture  from  penetrating  into  overlapped  joints,  thus  providing  a good 
corrosion  protection. 

One  of  the  most  important  advantages  of  bonding  is  the  fact  that  all  materials  can  be 
joined  together,  thus  enabling  hybrid-,  sandwich-,  or  reinforced  structures.  Fig.  11-  The 
main  problems  in  bonding  technology  derive  from  the  low  thermal  stability  of  the  gdhesives. 
Generally,  plastic  adhesives  must  not  be  applied  at  temperatures  above  80  to  100  “c . Recent 
developments  of  aromatic  polymers  as  polysulfons,  polyimides,  or  polybenzimidazols  rgmark- 
ably  improve  the  ability  of  adhesives  to  resist  higher  temperatures  up  to  about  400  “c . 
However,  with  the  rise  in  temperature  the  cohesive  strength  decreases  and  the  adhesives 
suffer  from  creeping  under  long  term  loading  conditions. 

The  thermal  resistivity  of  special  ceramic  adhesives  now  increases  up  to  1000  °C  pro- 
vided moisture  does  not  penetrate  into  joining  area. 

Another  problem  of  bonding  consists  in  the  low  adhesion  of  polymer  adhesives  to  cer- 
tain materials  and  therefore  complicated  surface  pretreatments  are  required. 

After  all,  there  is  a problem  which  results  from  the  little  experience  in  joining  by 
means  of  adhesives.  Particularly  few  tests  have  been  made  in  respect  of  the  mechanical 
long-term  behaviour,  specially  under  environmental  conditions.  Many  results  providing  basic 
experience  have  been  achieved  in  the  short-term  range,  whereas  no  prediction  of  long-term 
properties  can  at  present  be  made.  The  possibilities  for  non-destructive  testing  of  adhe- 
sive joints  are  still  rather  poor. 


3.2  BONDING  PROCESSES 

Adhesion  is  based  on  the  sorption  phenomenon  of  plastic  molecules  on  solids  initiating 
physical  and  chemical  bond  mechanisms  / 7 /.  There  is  no  interaction  with  the  joined  com- 
ponent neither  of  the  dissolvent  nor  of  glue  constituents. 

In  metal  bonding,  only  a physical  adhesion  of  the  glue  takes  place.  In  bonding  of  poly- 
mers both  adhesion  and  diffusion  processes  are  possible  / 8 /.  Diffusion  of  adhesive  con- 
stituents or  of  dissolvents  quite  often  initiates  stress  cracking  in  many  polymers.  There- 
fore, the  pure  adhesion  bonding  is  of  particular  interest  for  bonding  polymers.  However,  a 
good  adhesion  on  polymers  normally  requires  an  expensive  pretreatment  of  the  surfaces. 
Furthermore,  the  mechanical  long-term  behaviour  often  remains  insufficient  / 9 /.  Thus  dif- 
fusion bonding  for  joining  thermoplastic  polymers  is  preferred  in  many  cases  / 10  /. 

Beside  a good  adhesion,  the  harmonization  between  the  ductility  of  the  adhesive  and  that 
of  the  joined  material  influences  the  mechanical  behaviour  of  the  glued  joint.  Most  of  the 
polymers  are  well  deformable  materials.  If  they  are  combined  with  stiff  glues,  this  will  in- 
evitably lead  to  stress  concentrations  at  the  ends  of  the  overlap  bond.  Therefore,  pure 
epoxy-  or  phenolic  resins  are  not  applicable  for  joining  purposes.  They  must  be  modified  by 
thermoplastic  components.  Thus  they  are  able  to  equalize  stress  concentrations  by  creep  pro- 
cesses. In  order  to  minimize  the  creeping,  modern  adhesives  are  reinforced  by  polymeric  fibers. 

Bonded  joint  loadability  generally  is  based  on  the  conditions  of  adhesion  and  deforma- 
tion. Furthermore,  certain  joints  possess  anchoring  points  of  the  adhesive  in  grooves  on  the 
surface  which  improves  the  mechanical  properties.  In  light  constructions  this  effect  appears 
to  be  important.  E.g.  in  a sandwich  the  inner  component  consists  of  a porous  material  such  as 


wood  or  polymeric  foam. 

In  metal  bonds  the  quality  of  adhesion  may  influence  the  shear  strength.  Roughening 
of  the  surface  has  a cleaning  effect  and  increases  the  active  surface.  But  there  is  no 
improvement  of  bond  strength  caused  by  mechanical  interlocking. 

The  small  active  range  of  the  adhesion  energies  requires  a good  wetting  of  the  sur- 
faces by  the  adhesive,  which  is  achieved  by  decreasing  the  viscosity  of  the  adhesive  and 
increasing  the  surface  tension  of  the  solid  /II  /. 

For  this  reason  the  surfaces  should  always  be  carefully  cleaned. 

In  the  case  of  steel  bonds,  sandblasting  and  degreasing  of  the  surfaces  are  neces- 
sary because  degreasing  alone  causes  sensitivity  to  corrosion  / 12  /,  Fig.  12.  Sand- 
blasting and  degreasing  also  is  the  optimum  surface  pretreatment  for  reinforced  plastics. 
This  material  is  more  and  more  used  for  aircraft  structures.  It  contains  either  glass-, 
carbon-  or  boron  fibre  reinforcements.  Fig.  13.  The  shear  strength  of  the  bonded  struc- 
ture will  generally  exceed  the  interlaminar  shear  strength  of  the  reinforced  plastic  / 13  /. 

As  matrix  for  the  reinforcement,  polyester-,  epoxy-  or  polyimid  resins  are  employed 
which  are  bonded  in  the  best  way  by  modified  epoxy  resins.  For  steel  bonds  additionally 
modified  phenolic  resins  are  suitable. 

Mechanical  pretreatment  has  turned  out  to  be  insufficient  for  some  metals  and  poly- 
mers owing  to  their  anti-adhesive  surface  properties.  There  are  aluminium  and  titanium 
alloys  and  polymers  like  polyolefines,  fluorinated  polyolefines  and  silicon  resins.  These 
polymers  are  widely  used  in  aerospace  industry  owing  to  their  extraordinarily  good  chemical 
and  thermal  resistance,  specially  at  low  temperatures.  They  need  a chemical  pretreatment 
with  chromic  acids  or  liquid  alkali  metals  in  order  to  be  joined  by  adhesives  / 10  /. 

Like  these  polymeres,  aluminium  and  titanium  alloys  require  a chemical  pretreatment 
for  a good  adhesion.  In  the  case  of  aluminum  alloys,  pickling  with  chromic  acids  followed 
by  an  anodizing  process  has  proved  to  be  the  most  recommendable  pretreatment  / 14  /. 

As  shear  strength  and  aging  resistance  depend  on  both  the  pretreatment  and  the  ad- 
hesive, the  best  combination  for  every  new  adhesive  has  to  be  examined. 

The  mostly  approved  chemical  surface  preparation  for  titanium  alloys  is  by  hydro- 
chloric or  hydrofluoric  acids  which  improve  shear-  and  peel  strength  of  the  bonds.  Fig.  14. 


3.4  MECHANICAL  BEHAVIOUR 

A difficult  problem  of  bonding  arises  from  the  great  number  of  parameters  influencing 
the  mechanical  properties  of  the  joint.  Several  methods  have  been  developed  to  make  pre-  . 

dictions  of  the  bond  quality  possible  by  measuring  surface  properties  such  as  tension,  j 

electron  emission,  sorption  and  desorption  of  the  resins  by  radiation  measurements  / 12  /.  j 

These  methods  provide  a quality  control  of  surface  preparation,  but  they  do  not  give  any  j 

information  about  the  shear-  or  peel  strength  of  the  bonded  structure. 

The  mechanical  behaviour  of  a bonded  joint  does  not  only  depend  on  the  adhesive  j 

power  but  also  on  the  joint  configuration,  thickness,  cohesive  and  deformation  properties  ; 

and  on  the  environmental  behaviour  of  the  components.  Owing  to  the  influence  of  geometry,  -J 

test  results  abtained  from  small  specimens  cannot  always  meaningly  be  applied  to  construe- 
tions.  Mathematical  solutions  for  a correlation  of  specimen  and  construction  geometries  are  j 

only  possible  in  very  simple  structures  / 15  /.  j 

In  many  other  cases  tests  of  the  complete  construction  under  actual  conditions  are  1 

inevitable. 

In  addition  to  long-term  and  environmental  sensitivity,  chemical  bonds,  specially  ' 

those  of  aluminum,  are  not  water-resisting  at  the  interface  for  a long  time  / 16  /.  i 

The  most  important  result  recently  obtained  from  aging  tests  have  proved  that  aging 
processes  are  accelerated  under  load  conditions. 


3.5  APPLICATION 

The  most  suitable  adhesives  for  metal  bonds  in  aircraft  structures  under  environ- 
mental conditions  are  still  based  on  phenolic  resins,  but  epoxy  resins  reveal  nearly  the 
same  good  results  / 12  /. 

Classical  examples  for  bonded  structures  have  been  incorporated  in  the  aeroplanes 
F 27  and  F 28  manufactured  by  Fokker  of  the  Netherlands.  In  these  aircrafts  more  than 
400  components  have  been  bonded  by  adhesives.  Besides  the  technical  advantages  Fokker  has 
obtained  economic  benefit  by  lower  production  costs  and  lower  weigth.  Thus  the  freight 
capacity  has  been  increased  as  an  additional  result. 


In  the  planes  transverse  bulkheads,  frames,  stiffening  sections,  service  gates, 
steering  blades  and  blade  borders  have  been  bonded  by  means  of  Redux  775  which  is  a modi- 
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fled  phenolic  resin  {Fig.  15).  Only  a few  ends  of  stringers  or  sections  have  also  been  ri- 
veted in  order  to  cross  the  peel  tension. 

The  joining  of  parts  with  the  use  of  adhesive  bonding  and  mechanical  fasteners  or  spot 
welding  methods  has  come  into  praxis  in  aerospace  manufacture. 

For  a while  fasteners  seemed  to  be  superfluous  in  the  light  of  development  of  high 
strength  adhesives.  Tests  / 17  /,  however,  have  proved  the  superior  strength  of  weld-bonded 
joints.  The  weld  bond  process  uses  resistance  welding  together  with  adhesive  bonding.  Most 
of  the  work  performed  up  to  now  has  been  based  on  resistance  spot  welding  through  the  ad- 
hesive. This  method  has  been  applied  in  the  construction  of  the  supersonic  Russian  air- 
craft TU  144. 

Adhesive  bonding  enables  the  combination  of  different  materials  in  one  structure,  so 
that  high  strength  materials  can  be  used  together  with  extremely  light  ones,  for  instance  in 
honey  comb  structures  (Fig.  16).  Other  possible  combinations  consist  in  materials  with  ex- 
tremely good  electrical  or  thermal  conductivity  and  insulating  materials,  for  instance  in 
solar  cells  (Fig.  17). 

By  the  rolling  of  metal  sheets,  constructions  may  be  built  up  from  sheet  with  changing 
cross  sections  without  any  excess  of  metal.  Expensive  production  methods,  which  are  at  pre- 
sent applied  in  the  manufacture  of  the  MRCA/Tornado  aircraft  with  cutting  rates  of  90  %, 
will  no  longer  be  required  if  all  bonding  problems  are  solved. 


4 . THERMAL  CUTTING 
4.1  INTRODUCTION 

Thermal  cutting  covers  various  processes  which  have  in  common  that  the  cutting  pro- 
ceeds along  an  outline  where  a kerf  is  produced  by  ejecting  the  liquid,  oxidized  or  vola- 
tilized material  from  it  at  a high  temperature.  The  cutting  processes  mostly  used  in  aero- 
space industries  are  oxyacetylene,  plasma  arc  and  laser  beam  cutting. 

The  structural  parts  manufactured  in  aerospace  industries  are  made  from  steel  as  well 
as  from  aluminum,  titanium  and  their  alloys,  nickel-cobalt-base  superalloys  and  non-metals. 
Furthermore,  different  thicknesses  are  applied,  and  more  than  one  thermal  cutting  process 
is  necessary  to  meet  the  requirements  for  a preparation  method,  for  welding  and  other  join- 
ing techniques.  On  the  one  hand,  the  requirements  consist  of  a sufficient  economy  in  com- 
parison with  the  various  mechanical  cutting  methods.  On  the  other  hand,  the  call  for  maxi- 
mum cutting  speeds  must  not  be  connected  with  a low  level  of  accuracy.  Modern  thermal  cut- 
ting plants  exhibit  high  cutting  speeds  and  a high  level  of  accuracy  provided  the  most 
suitable  process  is  applied.  Additionally,  a high  standard  of  process  control  is  reached 
with  the  available  control  systems  ranging  from  tracing  by  magnetic  roller  head  and  photo- 
electric scanning  of  drawings  to  computer  numerical  control. 


4.2  PROCEDURES  AND  APPLICATIONS 

In  oxy-acetylene  cutting,  the  application  of  the  process  is  limited  to  those  materials 
which  immediately  form  oxides  with  melting  points  well  below  that  of  the  metal  itself.  As  a 
consequence,  only  a small  number  of  alloyed  steels  can  be  cut  without  preheating  /.  18  /. 
However,  the  cut  edges  will  definitely  harden,  even  if  mild  steel  is  cut.  The  hardening 
effect  is  accompained  by  the  formation  of  residual  stresses  which  may  be  of  both  tension  or 
compression  (Fig.  18).  The  kind  of  residual  stress,  its  level  and  its  changes  from  the  cut 
edge  to  the  interior  largely  depend  on  the  material  to  be  cut  and  on  the  process  employed, 
including  the  numerous  variables  involved.  Higher  alloyed  steels  need  a preheating  of  about 
200  °C . Others  cannot  be  cut  by  the  oxy-acetylene  torch  at  all.  Among  them  are  a lot  of  air- 
craft materials.  Aluminum  and  titanium  alloys  also  require  other  cutting  processes. 

However,  good  results  have  been  obtained  by  oxy-acetylene  cutting  of  1 % Cr,  0.3  % Mo- 
steel  similar  to  the  British  BS  3100/1456  and  the  American  AMS  5335A  grades.  The  HAZ  has 
remained  small  as  compared  to  plasma  arc  cutting  of  the  same  steel  sheet.  There  has  been 
no  evidence  of  remarkable  deviations  from  the  parallelism  of  the  walls  that  can  often  be  ob- 
served at  plasma  arc  cuts  / 19  /.  Thus  the  oxy-acetylene  flame  cutting  process  offers  not 
only  economic  but  also  technical  advantages  provided  it  is  applicable. 

The  application  of  the  plasma  arc  cutting  process  is  not  limited  by  the  chemical  com- 
position of  steels.  The  thickness  range  for  this  procedure  extends  from  about  3 ram  up  to 
about  1 50  mm  for  metallic  materials  irrespective  of  the  kind  of  metal  or  alloy. 

Plasma  arc  cutting  is  a transferred  arc  process.  It  can  be  hand-operated  or  mechanized. 
Hand-operated  installations  use  argon/hydrogen  gas  mixtures,  whereas  mechanized  installa- 
tions additionally  employ  nitrogen,  nitrogen/hydrogen  or  nitrogen/oxygen  gas  mixes.  Cutting 
speeds  can  be  up  to  ten  times  faster  than  oxy-fuel  gas  cutting.  The  cuts  often  do  not  re- 
quire machining  or  further  finishing. 

Investigations  on  a 10  % Ni-steel  resulted  in  an  overall  superiority  of  plasma  to  oxy- 
fuel  cutting;  however,  higher  hardnesses  have  occurred  at  the  cut  edges,  and  the  walls  de- 
viated from  the  parallel  shape  / 20  /.  In  recent  years  high-quality  cutting  torches  have  been 
developed  which  achieve  cut  surfaces  characterized  by  sharp  top  and  bottom  edges,  parallel 


walls  and  only  slightly  attached  or  completely  absentdross  on  the  bottom  of  the  cut.  These 
devices  use  multi-port  plasma  arc  cutting  nozzles  providing  narrower  kerfs  owing  to  the 
fact  that  the  arc  is  shaped  beyond  the  nozzle.  Other  devices  produce  a secondary  gas  shield 
of  COy  or  compressed  air,  thus  changing  surface  tension  and  viscosity  of  the  melt  and  per- 
mitting considerably  higher  cutting  speeds  and  smoother  walls.  Fig.  19  shows  schematically 
a dual-flow  plasma  torch. 

Another  method  to  improve  cut  quality  and  to  avoid  fume  formation  and  air  pollution 
consists  in  injecting  water  into  the  plasma  (water  injection  plasma  arc  cutting)  or  in  per- 
forming the  whole  cutting  procedure  under  water  (Fig.  20) . Thus  the  gases  developing  during 
the  cutting  operation  may  quickly  dissolve  in  the  water,  whereas  the  liquid  metal  of  the 
work  piece  forms  droplets  sinking  to  the  bottom  of  the  water  tank.  Noise  will  be  lowered 
by  approximately  15  dB,  and  the  intensity  of  the  UV-radiation  is  considerably  reduced. 
Furthermore,  the  sheets  remain  cool  so  that  distortion  effects  are  avoided.  Thus  not  only 
technical  improvements  are  achieved,  but  the  process  remarkably  contributes  to  the  reduc- 
tion of  environmental  problems  during  plasma  arc  cutting.  This  is  of  even  greater  import- 
ance when  nickel  or  nickel-base  alloys  are  plasma  cut,  because  the  produced  nickel-contain- 
ing fumes  are  highly  toxic  and  may  cause  cancer. 

Another  energy  source  for  cutting  is  used  in  laser  beam  cutting.  In  contrast  with  the 
oxy-fuel  and  plasma  arc  method,  the  material  of  the  workpiece  is  not  heated  by  convection 
by  means  of  a flame  or  an  arc,  but  by  absorption  of  radiation  energy.  The  monochromatic 
and  nearly  parallel  light  beam  issues  from  the  device  and  is  focussed  to  the  workpiece  by  an 
optical  system.  Supported  by  a jet  flow  issuing  from  the  laser  head  together  with  the  laser 
beam,  the  output  from  the  lasering  C02-system  volatilizes  the  material.  In  the  case  of 
flamable  materials  or  for  non-oxidizing  cutting,  the  gas  jet  consists  of  an  inert  gas  blow- 
ing the  molten  part  out  of  the  kerf  (Fig.  21).  When  oxygen  is  used  as  an  alternative,  the 
metal  oxidizes  more  rapidly  than  in  oxy-fuel  cutting  (Fig.  22). 

At  present  laser  devices  applied  in  various  industrial  branches  offer  outputs  of  about 
0,3  kW,  which  is  enough  to  cut  sheets  of  up  to  3 mm,  high-alloyed  steel  or  0.2  mm  Al.  With 
the  same  equipment,  non-metals  up  to  1 2 mm  or  titanium  more  than  10  mm  in  thickness  can  be 
cut.  Ti-plates  of  over  40  mm  in  thickness  can  be  cut  when  oxygen  is  used  as  a cutting  gas. 

In  aerospace  industries  laser  beam  cutting  is  widely  used  for  the  manufacture  of  sheet 
parts  made  from  Ti  or  Ti-alloys  or  Ti-coated  composite  plates.  Processing  measures  by  elec- 
tronic steering  with  capacitive  tensors  provide  facilities  for  easy  cutting  of  structural 
parts  of  complicated  shapes. 

Owing  to  the  strongly  reflecting  surface  together  with  the  high  thermal  conductivity, 
aluminum  creates  difficulties  in  laser  beam  cutting.  Recently,  however,  progress  has  been 
made  allowing  the  cutting  of  Al-sheets  of  3 mm  in  thickness  by  means  of  a 900  W-CO, -laser. 
The  development  of  CW-high-power-CO_-laser  will  certainly  reveal  a wider  range  of  applica- 
bility in  many  industrial  branches  for  cutting  as  well  as  for  welding. 


5.  THERMAL  SPRAYING 
5.1  INTRODUCTION 

Thermal  spraying  is  based  on  methods  by  which  a metallic  or  nonmstallic  wire  or  powder 
is  melted.  The  fused  particles  are  projected  on  to  a prepared  surface  so  as  to  build  up  an 
adherent  coating  which  has  to  serve  as  a means  for  corrosion  protection  or  wear  resistance 
such  as  heat  or  air  barriers  and  for  repairing  components. 

The  thermal  energy  necessary  to  melt  the  spraying  material  can  be  produced  in  differ- 
ent ways.  Flame  and  plasma  spraying  as  well  as  detonation  plating  are  at  present  the  mostly 
applied  thermal  spray  procedures  in  aerospace  industries.  Particularly  plasma  spray  depo- 
sition has  been  developed  as  a practicable  processing  technique  for  the  last  ten  years. 

E.g.  by  the  use  of  thermally  sprayed  coatings  the  life  of  aircraft  jet  engines  has 
successfully  been  extended.  Thus  one  of  the  major  problems  facing  the  airline  industry  has 
partially  been  solved,  namely  the  wear  of  non-lubricated  mating  parts  of  mechanical  compo- 
i nents  resulting  from  vibration,  fretting,  impact  and  hammer  wear  during  engine  operation. 

! In  other  areas  of  a jet  engine,  ceramic/metallic  thermal  barrier  coatings  are  used  in  order 

to  reduce  metal  operating  temperatures  and  the  effects  of  thermal  transients  on  combustion 
chambers.  The  latest  application  of  high-power  plasma  spraying  is  to  provide  coatings  for 
I turbine  blades  by  using  a transferred  arc  and  high  particle  velocities. 

The  significance  of  thermal  spray  processes  may  be  proved  by  the  fact  that  a single 
engine  may  employ  as  many  as  600  coated  parts.  It  must  be  admitted  that  spray  deposits  have 
sometimes  fallen  into  disrepute  as  a result  of  incorrect  applications.  Therefore,  the  very 
efficient  spray  techniques  should  be  used  only  when  they  offer  advantages  and  never  when 
i other  techniques  are  better. 


5.2  METHODS 

Flame-,  plasma-  and  detonation  spraying  are  widely  employed  in  the  aircraft  industry 
(Fig.  23).  In  f leime-spraying  the  consumable  wire  or  powder  is  fused  by  a oxy-acetylene 
flame  (Fig.  24) . 
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Electric  arc  spraying  is  applied  too,  but  much  less  as  compared  to  other  processes. 

Arc  spraying  on  the  free  atmosphere  usinq  compressed  air  as  propellant  9as  is  not  used 
in  practice  to  establish  coatings  in  air-craft  and  aero-space  industry.  A promisin9  deve- 
lopment for  arc-sprayin9  of  metals  with  hi9h  affinity  to  oxy9en  or  nitro9en  has  been  brou9ht 
about  by  introducin9  shielding  gas  chambers.  Fig.  2S.  By  spraying  in  a controlled  atmo- 
sphere, oxydation  resulting  from  the  conventional  open-air-spray  process  can  completely  be 
avoided.  By  selecting  adequate  shield  gas  composition,  the  properties  of  the  coatings  can 
by  varied  within  a wide  range.  Thus  it  has  been  possible  to  establish  hardness  values  of 
250  HV  0.1  to  1 100  HV  0.1  on  sprayed  titanium.  . 

By  detonation  spraying  extremely  dense  coatings  with  a high  bond  strength  to  the  sub- 
strate can  be  produced.  As  shown  in  Fig.  26,  the  energy  to  accelerate  and  heat  the  particles 
is  taken  from  a oxy-fuel  combustion  in  a detonation  pipe.  The  disadvantage  of  the  process  is 
the  high  cost  which  limits  its  application  to  nigh  loaded  oarts. 

Plasma  spraying  is  the  mostly  employed  method  of  thermal  spraying  in  aero-space  in- 
dustry. In  conventional  plasma  spraying,  a non-transferrod  arc  is  used  as  energy  source. 

The  arc  is  struck  between  a tungsten  cathode  and  a water-cooled  cooper  anode.  The  ionised 
plasma  gas  is  constricted  when  retiring  from  the  nozzle  with  a high  energy  and  enthalpy  and 
forms  a torch.  In  accordance  with  the  material  to  be  sprayed,  nitrogen /hydrogen,  argon/hy- 
drogen or  argon/helium  mixes  are  used  as  plasma  gases.  The  powder  material  is  fed  into  the 
plasma  stream  where  it  is  melted  and  accelerated  to  high  velocities,  (Fig.  27).  Owing  to 
the  enormous  heat  available  all  materials  such  as  tungsten,  carbides,  oxides  and  other  high 
melting  materials  can  easily  be  melted  and  sprayed.  Conventional  plasma  spraying  allows  to 
establish  well  bonded  coatings  with  a density  of  85  % up  to  98  %. 

The  demands  for  higher  bond  strengths  and  homogeneous  coatings  have  led  to  the  develop- 
ment of  high  power  plasma  spraying.  The  power  has  usually  been  increased  to  80  kW  and  in 
some  cases  to  2(X>  kW.  However,  the  particles  are  exposed  to  the  plasma  gas  for  a very  short 
time.  Though  improved  coatings  can  be  produced,  the  excellent  quality  of  detonation  gun 
coatings  is  not  achieved. 

Another  important  development  provides  high  power  plasma  spraying  with  transferred 
‘ arc  inside  a vacuum  container.  As  a result  uniform  coatings  with  high  bond  strength  and 

good  homogeneity  tend  to  become  competitors  to  those  produced  by  detonation  spraying. 

The  equipment  for  high-power-vacuum  spraying  with  transferred  arc  is  shown  in  Fig.  28. 

Plasma  velocities  of  Mach  2 to  3 give  rise  to  high  densities  of  96  to  99  per  cent  of  theo- 
retical values.  Bond  strengths  in  excess  of  14  kgf/mm^  with  both  metal  and  ceramic  coatings 
can  be  achieved  / 21  /.  The  superimposed  transferred  arc  is  separately  controlled  and  pro- 
duces coatings  of  Impervious  nature  and  fusion  bonding  / 21  /. 

This  technology  is  of  major  interest  narticularly  in  the  aircraft  industry  and  spe- 
cially in  the  manufacturing  of  turbine  blades.  Fig.  29  shows  the  plasma  stream  with  the 
superimposed  transferred  arc  and  a turbine  blade  to  be  sprayed  under  low  pressure  condi- 
tions. 


5.3  SPRAY  MATERIALS  AND  APPLICATIONS 

The  materials  used  in  aircrafts  range  from  stainless  steels  to  high  temperature  nickel 
and  cobalt  base  alloys.  The  largest  use  of  plasma  spray  coatings  has  been  limited  to  engine 
parts.  Such  coatings  are  used  primarily  as  thermal  barrier,  wear,  galling  and  erosion  re- 
sistance and  for  dimensional  restoration  / 22  /. 

Wear  of  non-lubricated  engine  parts  and  the  high  temperatures  existing  in  the  com- 
bustion chambers  are  the  chief  problems  of  the  aircraft  in  respect  of  long  life.  Sprayed 
coatings  are  able  to  reduce  the  wear  resulting  from  vibration,  fretting  and  Impact  during 
operation  as  well  as  the  heat  influence  on  the  construction  materials. 

The  environmental  and  mechanical  loading  conditions  have  to  be  considered,  in  select- 
ing the  suitable  spray  materials.  Several  cercunlc/metalllc  thermal  barrier  coating  systems 
based  on  magneslastabillzed  zirconium  oxide  have  been  successfully  applied  over  the  past 
ten  years  to  sheet  metal  components  in  several  gas  turbine  engine  models  / 23  /.  Further- 
more aluminum  oxide  and  pure  zirconium  oxide  are  used  as  thermal  barriers.  Ceramic  coatings 
tend  to  spall  under  thermal  cycling.  In  the  case  of  magnesium  zirconate  this  drawback  is 
overcome  by  applying  a bond  coat  of  Ni-Al  coating  followed  by  an  intermediate  layer  com- 
posed of  a mixture  of  Ni-Al  and  magnesium  zirconate.  The  Intermediate  coating  has  a coeffi- 
cient of  expansion  between  those  of  Ni-Al  and  magnesium  zirconate  / 22  /.  The  requirements 
for  greater  combustion  chambers  and  turbine  duct  component  cooling  without  giving  up  engine 
efficiency  had  led  to  the  development  of  the  continuously  graded  thermal  barrier  coatings 
/ 23  /.  These  graded  coatings  exhibit  good  substrate  bonding  and  Intercoatlng  integrity  even 
at  high  temperatures  as  compared  to  the  multilayer  (as  a rule:  three  layer) coating  systems 
which  often  spall  within  one  or  more  of  their  coating  layers,  whereas  thermal  barrier  coat- 
ing system  based  on  Ni-Al  or  Ni-Cr  metallic  comoonents  have  shown  good  service  in  a number 
of  applications.  When  failures  have  occured,  they  have  been  found  to  have  been  caused  by 
oxidation  and  degradation  of  the  metallic  constituent  followed  by  exfoliation  of  the  outer 
ceramic  or  intermediate  transition  layer  / 23  /. 
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Laboratory  static  oxidation  testing  of  continuously  graded  CoCrAlY-magnesium-zirconate 
on  Hastelloy  X test  panels  have  shown  a significant  Improvement  as  compared  to  the  nickel- 
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chromlujn  based  system  at  980  test  temperature  / 23  /.  The  nickel-chromium  component  In 
the  graded  portion  of  the  coating  was  fully  oxidized  after  200  hours  exposure,  whereas  the 
CoCrAiy  component  showed  small  oxidation  effects  / 23  /. 

The  selection  of  wear  resistant  spray  materials  depends  on  the  environmental  cgndltlons. 
specially  temperature  and  mechanical  loading.  For  ooeratlng  temperatures  up  to  537  C. 
tungsten  carbide  base  coatings  have  revealed  optimum  performance  under  given  conditions. 

For  operating  temperatures  above  537  chromium  carbide  in  addition  to  cobalt  base  coat- 
ings have  been  found  to  be  most  useful.  These  materials  are  used  for  applications  at  temper- 
atures in  the  537  °C  to  900  °C  range  / 24  /.  Powder  mixtures  of  15  I Ni  and  85  % 

25  % NlCr  and  75  % Cr,C,  are  also  successfully  employed  at  temperatures  above  500  C.  In  the 
case  of  the  last  mentioned  powder,  a core  existing  of  Cr.C,  Is  enveloped  by  a Nl-Cr  layer 
/ 25  /.  * ^ 

Sprayed  coatings  are  also  used  as  abradable  seals  / 22  /.  Materials  such  as  Ni-Al  com- 
posite powder  or  Nickel-Graphite  (75  % Nl/25  \ C)  have  been  sprayed  to  produce  satisfactory 
coatings  as  abradable  seals.  These  materials  tend  to  give  better  coatings  by  flame  spraying 
than  by  plasma  spraying  because  of  the  lower  density  attained  by  the  former  process  / 22  /. 

A thermal  barrier  coating  applied  to  an  Inner  combustion  chamber  of  a large  turbine 
has  been  shown  In  Fig.  30.  The  microstructure  of  the  coating  has  been  shown  In  Fig.  31. 

In  order  to  Increase  the  efficiency  of  the  engines,  the  clearance  between  rotating 
blades  and  stationary  casing  has  to  be  minimized.  Casings  are  lined  with  abradable  seals 
that  would  abrade  or  wear  away  during  the  early  blade  rotation  and  thus  conform  to  suitable 
contours.  (Fig.  32).  The  materials  used  for  abradable  seals  have  been  shown  In  Fig.  33. 

As  mentioned  above,  dense  and  well  bonded  coatings  can  be  manufactured  by  making  use 
of  the  vacuum  plasma  spray  process.  Fig.  34  shows  the  microstructure  of  a hot  corrosion  re- 
sistant coating  (CoCrAlY)  sprayed  with  transferred  arc  In  a vacuum  chamber  (0.05  bar)  with- 
out post  heat  treatment,  see  Fig.  35  after  diffusion  heat  treatment.  As  has  been  shown  In 
Fig.  34,  the  coating  Is  uniform,  free  of  Inclusions  and  absolutely  dense.  After  diffusion 
treatment  a texture  is  formed  which  consists  of  a fine  Co-Al-segregatlon  and  a solid  solu- 
tion with  a high  Co-content.  The  turbine  blade  shown  in  Fig.  36  is  coated  with  such  a hot 
corrosion  resistant  CoCrAlY-alloy . 

An  example  of  a thermal  barrier  coating  has  been  given  In  Fig.  37,  which  shows  a tur- 
bine housing  of  a rocket  engine  with  a ZrOj-coatod  tube  / 25  /. 

Plasma  spraying  of  areas  subjected  to  wear  in  an  aircraft  Includes  a big  field  of 
application.  The  Inside  bores  of  hydraulic  cylinders  are  sprayed  with  wear  resistant  coat- 
ings as  well  as  the  non-lubricated  areas  in  the  jet  engines. 

Sometimes  the  properties  of  the  coatings  sprayed  both  by  conventional  and  high  power 
plasma  spraying  are  not  adequate.  Fig.  38  shows  the  microstructure  of  a wear  resistant 
WC-Co  coating.  The  texture  is  both  homogeneous  and  free  of  inclusions  / 26  /. 


5.4  QUALITY  CONTROL 

Quality  in  sprayed  coatings  stems  from  good  process  control  at  every  stage  of  the 
processing  cycle  / 27  /.  A variety  of  tests  is  used  to  establish  the  quality  of  a deposit. 
When  destructive  tests  are  used,  they  should  be  performed  on  test  pieces.  The  problan  is 
to  ensure  that  the  spraying  conditions  used  on  the  component  are  substantially  the  same 
as  those  of  the  test  coupon  / 27  /.  Suitable  destructive  tests  are  metallographic  examin- 
ations, hardness  tests  and  estimation  of  coating  adhesion  and  tensile  strength.  At  present 
non-destructive  test  methods  are  not  available  owing  to  the  inhomogeneous  structure  of  the 
coatings.  However,  interesting  development  has  started  with  the  use  of  Rayleigh  waves  / 28  /. 
Pulses  are  injected  into  the  substrate  by  the  transmitter  probe  and  travel  substantially 
beneath  the  coating.  In  accordance  with  the  extent  and  quality  of  the  )x}nd,  the  pulses 
may  more  or  less  penetrate  into  the  deposit  where  they  suffer  attenuation.  The  residual 
signal  is  detected  by  a probe  beyond  the  coating.  The  degree  of  attenuation  can  be  re- 
lated to  the  t)ond  strength. 
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Table  1:  Brazing  filler  metal 


Bom  motariol 
NiCr  20TiAI 
Brazing  fillar  motol 
B Ni  • S 

Brazing  (•mporolurt 
1190*  C 

HmI  tr«alm«nl 
ofltr  brazmg 
710*C  / 16h/oir 


NiCr20TiAl/BNi-5  brazed  joint,  heat  treatment  after 
brazing:  710  °C/16h/air 


Bom  material 
Ni  Cr  20  Ti  Al 
Brazing  fillar  meloi 
BNi-5 

Brazing  lemperoture 
1190»C 

Hoot  treatment 
otter  brazing 
1100»C/20hAoir. 
710»C/16h/oiri 


Fig.  2 NiCr20TiAl/BNi-5  brazed  joint,  heat  treatment  after 
brazing:  1100  °C,'20h/air;  710  C/16h/alr 


Fig.  3 Fatigue  behaviour  of  NiCr20TiAl/BNi-5  brazed  joints 

Base  material:  NiCr20TiAl  Stress  ratio:  R=0,1 

Brazing  filler  metal:  BNi-5  Heat  treatment  after  brazing 

Vacuum:  10  ^ Jorr  o 1100  °C/2oh/air 

Brazing  temperature:  1190  °C  710  °C/16h/air 

Specimen  shape:  A = ^ 9 mm  o 710  °C/16h/air 

ground  Test  temperature:  20  °C 
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Fig.  4 Hardness  of  the  brazed  joint  after  a heat  treatment 


Fig,  5 Plastic  deformation  of  NiCr20TiAl/BAu-4  under 
static  loading  and  4CX)  °C  test-temperature 


Heat  treatment  after  brazing 
1100*Ct20h/airi  710*C  Mb  h/air; 
Survival  rate  . Pu  » 50  S 


IL 


Fig.  6 Fatigue  behaviour  of  NiCr20TiAl/BNi-5  brazed  joints 
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Fig.  7 Electron  micrograph  of  strlations  on  fatigue-loaded 
NiCr20TiAl/BNi-5  brazed  joint 


Base  material 
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Fig.  8 Schematic  representation  of  faults  in  brazed  joints 


Fig.  9 Fractured  surface  with  a blow-hole  (3CK) 


13  Interior  of  an  aeroplane  glass-reinforced  un- 
saturated polyester.  Adhesive:  modified  epoxy  resin 
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Fig.  14  Shear  strength  of  metal  bonds  with  different 
surface  preparation 


Fig.  15  Adhesive  bonded  stiffening  sections  in  an 
airfoil  >■ 
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Fig.  19  Schematlcal  drawing  of  a dual-flow  plasma-torch 


Fig.  20  Cutting  procedure  under  water 
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Application  of  the  thermal  spraying 
processes  in  the  aircraft-engine 
fabrication  / 25  / 
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Fig.  24  Principle  of  the  flame-spraying  process 
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Fig.  27  Principle  of  the 
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process 


Fig.  26  Principle  of  the  detonation-gun  process 
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Fiq.  29  Plasma  stream  with  the  superimposed  trans- 
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30  Inner  combustion  chamber 
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Fig.  32  Abradable  gas  path  seals  / 25  / 


Fig.  33  Material  for  abradable  seals  / 25  / 


Microstructure  of  a CoCrAlY-coating 
without  heat  treatment  / 26  / 


Microstructure  of  a CoCrAlY-coating  after 
diffusion  treatment  / 26  / 
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1 . SUMMARY 


The  strength  of  structural  components  is  often  limited  by  the  mechanical  and  environmental 
behaviour  of  joints,  like  vreldments,  brazements  and  adhesive  bondings.  The  properties  of 
this  inhomogeneous  parts  are  different  from  the  behaviour  of  the  base  materials.  Inside 
the  seam  they  depend  on  the  heat  treatment  and  residual  stresses.  So  many  tests  are  devel- 
oped to  examine  the  behaviour  of  joints.  The  basic  principles  of  these  methods  like  frac- 
ture mechanics,  fatigue  tests  and  tests  under  environmental  conditions  are  discussed. 
Applications  are  presented  in  some  examples  of  TIG,  EB  and  resistance  v^eldments,  high 
temperature  brazements  and  bonded  structures.  Also  the  detection  of  defects  in  joints  in 
a nondestructiv  manner  like  the  application  of  holography  and  acoustic  emission  is  dis- 
cussed in  some  new  developments  and  compared  with  the  conventional  methods  like  ultra- 
sonic or  X-Ray  testing. 


2.  INTRODUCTION 


Applications  for  high-strength  materials  having  good  specific  strength  depend  greatly  on 
the  strength  and  stability  of  the  joints  in  a jointed  part.  Frequently  the  welding  zones 
form  critical  regions  which  may  be  decisive  for  the  safety  of  entire  components.  Thermic 
jointing  will  cause  structural  changes  in  the  materials  which  result  in  modified  mechani- 
cal and  technological  properties  as  compared  to  the  non-affected  base  material.  In  addi- 
tion there  may  be  defects  in  the  welds  forming  geometrical  notches  in  the  form  of  pores, 
cavities,  cracks  as  well  as  discontinuities  at  the  surface  and  lack  of  fusion  which,  in 
conjunction  with  local  stress  concentrations  due  to  unfavourable  weld  configurations, 
result  in  unfavourable  loading  conditions  of  the  structures  in  question.  Multi-dimensio- 
nal stress  states  which  can  occur  even  without  external  loading,  exclusively  due  to  re- 
sidual stresses  of  the  first,  second  and  third  kind,  may  locally  exceed  the  rupture 
strength  of  the  material  and,  depending  on  temperature,  cause  additional  defects  in  the 
form  of  hot  or  cold  cracks  with  extremely  small  notch  radius.  Depending  on  their  orien- 
tation with  respect  to  the  loading  direction  and  to  the  weld  they  can  become  starting 
points  for  cracks  subject  to  steady-state  propagation  or,  in  the  extreme  case,  instable 
propagation. 

Recognising  the  potential  hazard  of  these  defects,  considerable  efforts  have  been  under- 
taken for  a long  time  to  detect  and/or  estimate  as  part  of  quality  control  inspections 
the  effects  of  these  defects,  especially  in  welding  seams.  In  order  to  be  able  to  assess 
their  hazard  the  defects  must  be  known,  for  one,  on  the  basis  of  their  relevant  charac- 
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teristics  such  as  size,  their  orientation  with  respect  to  the  load  application,  and  their 
configuration.  For  another,  the  mechanical  and  technological  characteristics  of  the  ma- 
terial in  the  vicinity  of  the  defect  must  be  determined,  especially  its  toughness  which 
provides  information  on  the  hazards  of  crack  propagation. 


It  is  only  recently  that  it  has  become  possible  to  determine  feasible  toughness  data  on 
the  basis  of  fracture  mechanics.  This  approach  provides  the  additional  capability  of 
estimating  reliable  defect  magnitudes  in  real  structural  components. 

However,  difficulties  arise  in  the  complex  bond  in  the  welding  zone  itself.  Since  it  is 
often  the  case  that  neither  the  defect  characteristics  named  above  nor  the  materials  cha- 
racteristics and  stress  states  at  the  defect  location  can  be  determined  precisely,  a 
fracture  mechanics  study  cannot  be  accomplished  without  significant  simplifications. 

Yet  it  is  impossible  to  forgo  such  a determination  because  it  is  frequently  the  only 
means  of  acquiring  results  on  the  strength  characteristics  of  the  jointed  parts  which  are 
subject  to  numerical  evaluation. 

Therefore,  the  following  are  prerequisites  for  such  a safety  analysis: 

1.  information  on  the  existing  loading  state  such  as  external  cyclic,  dynamic  or  static 
types  of  loads,  and  residual  stresses  which  may  achieve  very  high  values  on  the  sur- 
face of  welds  in  the  vicinity  of  discontinuities  at  the  surface; 

2.  information  on  the  mechanical  and  technological  characteristics  of  the  hazard-exposed 
structural  zone  under  the  prevailing  environmental  conditions; 

and 

3.  the  non-destructive  testing  for  existing  defects. 


( 3.  MECHANICAL  BEHAVIOUR 


3.1  MECHANICAL  STRENGTH  PROPERTIES 


i Crack  propagation  is  significantly  determined  by  the  mechanical  characteristics  and  geo- 

metrical orientation  of  the  individual  structural  zones  of  a weld.  In  tensile  testing 
according  to  DIN  50  120  the  strength  properties  can  be  determined  only  to  an  incomplete 
integral  value  which  covers  all  the  weld  areas.  Differentiating  precision  strain  gauge 
measurements  using  strain  gauges  of  0.6  mm  grid  length,  on  the  other  hand,  will  yield 
information  on  the  stress-elongation  behaviour  of  the  base  material,  the  heat-affected 
zone  and  the  weld  metal  in  the  technically  interesting  area  of  elastic-plastic  transi- 
tion. Measurements  performed  on  high-strength,  maraging  steel  types  welded  by  different 
welding  processes  showed  considerable  differences  in  the  o . 2-boundaries  of  the  weld  me- 
tal and  in  the  HAZ  compared  to  the  base  material,  refer  to  Fig.  1 / 1 /. 

Similar  differences  are  found  in  the  deformation  characteristics  of  the  individual  areas 
of  high-temperature  brazed  joints  / 2 /. 


In  adhesive-bonded  metals  these  differences  are  even  more  pronounced  and,  moreover,  are 
further  aggravated  by  time-dependent  creep  processes  in  the  adhesive  / 3 /. 


Information  on  the  deformation  behaviour  will  yield  initial  information  on  the  loading 
of  the  individual  partial  areas  of  the  weld.  Moreover,  it  forms  one  of  the  significant 
prerequisites  for  fracture  mechanics  computations,  especially  with  respect  to  COD  and 
dynamic  fracture  toughness  values.  In  particular,  the  change  of  the  yield  point  at  higher 
loading  rates  must  be  taken  into  consideration  / 4 /.  Fig.  2 shows  the  reduction  of  this 
value  for  a steel  material  and  its  electron  beam  fusion  weld.  In  addition,  this  Fig. 
shows  that  the  weld  includes  the  areas  subject  to  greater  brittleness.  However,  since  the 
safety  of  a structural  component  depends  on  these  zones  the  consideration  of  fracture 
mechanics  should  preferably  be  centred  on  the  weld  so  that  for  the  high-strength  materi- 
als frequently  used  in  aircraft  construction  the  principles  of  linear-elastic  fracture 
mechanics  are  preferred  among  the  testing  procedures  described  below,  rather  than  the 
techniques  of  general  yielding  fracture  mechanics. 


3.2  CRACK  INITIATION  AND  ARREST 


The  crack  initiation  behaviour  of  welds  has  been  repeatedly  studied  on  large  specimens  in 
critical  weld  areas  / 5 /.  Corresponding  to  the  practically  occurring  cases  of  cracks 
oriented  vertical  and  parallel  to  the  weld,  the  specimens  have  both  weld  orientations  so 
that  both,  constant  stress  and  constant  elongation  are  present. 

Difficulties  arise  especially  with  respect  to  optimum  positioning  of  the  notches,  for  in- 
stance in  certain  regions  of  the  HAZ.  Apart  from  their  limited  width  their  profile  through 
the  plate  thickness  is  usually  Irregular  so  that  necessarily  several  zones  are  affected. 
Consequently,  studies  of  small  specimens  are  required  for  this  purpose.  The  concepts  used 
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for  the  calculation  of  crack  Initiation  are  crack  toughness  measuring  procedures  to  de- 
termine the  stress  intensity  factor  Kj  and  to  measure  the  COD.  Test  procedures  Include 
notched  bar  tensile  tests  as  well  as  static  and  dynamic  notched  bar  bending  tests. 


The  aspect  that  existing  defects  become  Instable  and  start  to  propagate  is  of  great  in- 
terest from  the  point  of  determining  the  hazard  of  defects  but  is  secondary  to  the  crack 
arresting  concept  in  several  respects  / 6,  7 /. 

This  concept  presupposes  that  a crack  propagates  and  determines  the  capabilities  of  the 
material  to  reduce  the  crack  propagation  rate  and  to  arrest  the  crack.  Since  the  toughness 
of  the  material  is  usually  lesser  with  respect  to  propagating  cracks  that  for  static 
cracks,  values  developed  under  this  concept  will  provide  greater  safety  against  failure 
of  the  materials.  In  particular,  this  concept  is  of  interest  for  welds  involving  tough 
portions  of  the  base  material  and  the  highly  different  structures  in  the  weld.  However, 
its  application  and  the  interpretation  of  the  results  are  still  faced  with  difficulties 
since  not  all  the  dynamic  effects  such  as  shock  wave  propagation  and  the  like  are  comple- 
tely clarified. 


Initial  information  on  the  crack  arresting  capability  of  a material  can  be  obtained  through 
the  Robertson  / 8 / and  Fellini  / 9 / tests.  Fellini  prepared  a diagram  (FAD  - Fracture 
Analysis  Diagram)  on  the  basis  of  such  tests  which,  for  the  first  time,  established  a 
relationship  between  nominal  stress,  crack  length  and  temperature  / 10  /.  However,  the 
FAD  is  still  too  crude  a technique  for  testing  welds. 


3.3  STATIC  FRACTURE  TOUGHNESS 


Linear-elastic  fracture  mechanics  describe  the  stress  state  ahead  of  the  tip  of  an  in- 
cipient crack  without  plastic  deformation  of  the  material.  Above  a certain  critical  stress 
intensity,  K , the  crack  is  subject  to  instable  propagation.  Crack  propagation  vertically 
to  the  loading  direction  is  considered  the  hazardous  application  case. 

This  value  is  determined  on  the  basis  of  force  vs.  crack  opening  diagrams  of  notched  spe- 
cimens (F-COD)  whose  profile  is  evaluated  by  means  of  various  procedures  (pop-in,  secant 
method,  maximum  force  / 11-13  /. 

Linear-elastic  fracture  mechanics  will  fail  in  the  case  of  materials  having  greater  tough- 
ness and  greater  plastic  components  ahead  of  the  crack,  unless  the  required  twodimensional 
plane  strain  state  is  maintained  as  a result  of  very  large  test  specimens  or  low  tempera- 
tures. At  this  point  the  procedures  of  general  yielding  fracture  mechanics  are  substituted 

While  for  the  brittle  materials  a critical  stress  determines  crack  propagation,  in  this 
case  the  critical  strain  affects  the  fracture.  This  critical  crack  opening  displacement 
is  referred  to  as  the  COD  or  COS  (Crack  Opening  Stretch)  value. 

This  description  of  plastic  deformation  is  based  on  the  model  proposed  by  Dugdale  / 14  / 
which  is  based  on  the  following  considerations: 

1 . On  the  basis  of  elastic-plastic  behaviour  a hypothetical  crack  is  considered  whose 
length  is  composed  of  the  true  crack  length  and  a plastic  deformation  zone  whose 
length  is  d. 

2.  Beyond  this  hypothetical  crack  length  a the  material  shows  purely  elastic  behaviour. 

3.  A constant  yield  stress  prevails  in  the  plastic  deformation  zone  of  length  d. 


The  COS  value  can  be  determined  by  means  of  different  procedures.  Thus,  for  instance,  the 
COD  is  determined  by  means  of  the  clip  gauges  conventionally  used  in  linear-elastic  frac- 
ture mechanics,  and  converted  to  the  COS  value.  The  conversion  ratio  is  based  on  the  con- 
cept that  the  crack  sides  pivot  about  a point  ahead  of  the  crack  tip.  In  addition,  direct 
COS  measurements  can  be  accomplished  by  means  of  optical  surface  measurements  by  the  re- 
moval or  replica  method  / 15  /. 

Difficulties  still  exist  in  demonstrating  a relationship  between  the  measured  COS  value, 
the  stressing  of  the  component  and  the  crack  length  in  components  subject  to  plastic  de- 
deformation. One  approach  in  this  direction  has  been  shown  by  Burdekin  et  al  / 16,  17  /, 
who  determined  a "design  curve"  representing  non-dimensional  "crack  opening"  as  a func- 
tion of  strain  in  the  crack  zone,  refer  to  Fig.  3. 

Strain  in  the  crack  zone  is  expressed  by  a multiple  of  the  elastic  strain  of  the  material 
at  the  yield  point.  This  "design  curve"  can  be  used  to  estimate  the  critical  defect  magni- 
tudes for  given  strain  in  the  defect  zone.  However,  these  relationships,  too,  apply  only 
to  limited  plastic  deformation  ahead  of  a crack  tip. 

However,  the  so-called  J-integral  Introduced  into  fracture  mechanics  by  Rice  / 18  / can 
be  used  to  predict  the  crack  propagation  behaviour  even  in  the  presence  of  great  plastic 
deformation  at  the  crack  tip.  Various  methods  for  the  experimental  determination  of  J 
upon  incipient  crack  propagation  are  being  tested  at  the  present  time  / 19-21  /.  However, 
some  time  will  pass  before  standardised  procedures  have  been  developed. 


f 


Rice  initially  defined  the  J-inteqral  for  two-dimensional,  non-linear  elastic  problems. 

This  is  a closed  line  integral  along  a path  enclosing  the  crack  tip.  The  integral  is  in- 
dependent of  the  integration  path  and,  therefore,  represents  a measure  for  the  stress 

singularity  at  the  crack  tip. 

The  following  points  are  important  for  the  practical  applicability  of  this  integral  / 15  /: 

a)  J can  be  determined  from  the  change  of  the  energy  required  for  deformation  with  chang- 
ing crack  length. 

b)  In  the  case  of  ’inear-elastic  behaviour,  J is  equal  to  the  energy  release  rate,  G. 

c)  The  form  initially  valid  for  non-linear  elastic  deformation  can  also  be  used  for 
elastic-plastic  deformation  if  the  loading  is  monotonous  at  every  point  of  the  spe- 
cimen, i.  e.  if  there  is  no  local  load  relief.  The  J-integral  procedure  cannot  be 
used  without  modification  for  the  description  of  steady-state  crack  propagation. 
However,  it  is  suitable  for  describing  Incipient  steady-state  crack  propagation. 


Since  the  J-integral  has  hardly  any  significance  for  the  determination  of  the  strength 
behaviour  of  welds  in  high-strength  materials,  this  subject  shall  not  be  discussed  in 
detail  here. 

If  fracture  mechanics  are  applied  to  welds  the  prerequisites  of  linear-elastic  behaviour 
to  fracture  (predominantly  plane  strain  state)  will  predominate  for  all  zones  of  a weld. 

In  this  case  the  determination  of  the  individual  structures  as  a function  of  the  welding 
process  used  is  faced  by  significant  problems  as  a result  of  the  usually  irregular  weld 
configurations.  For  conventional  welding  processes,  carefully  prepared  specimens  with 
K-welds  can  be  used  where  the  HAZ  is  oriented  approximately  vertically  to  the  surface  of 
the  plate,  refer  to  Fig.  4,  / 22  /.  Incidentally,  additional  lateral  notches  can  be  ma- 
chined into  the  zones  of  such  a K-weld  which,  on  the  one  hand,  guide  the  propagation  di- 
rection of  an  incipient  fatigue  crack  and  can  prevent  its  deflection  into  adjacent  areas, 
and,  for  another,  this  technique  can  be  used  to  check  whether  the  K -values  determined 
are  still  valid  when  the  specimen  thickness  is  near  the  limit  of  the  minimum  plate  thick- 
ness required  by  ASTM.  Under  load  exposure  the  notches  will  produce  immediately  under  the 
specimen  surface  a multi-axis  stress  state  which  especially  reduces  the  plastic  regions 
developing  along  the  plate  surfaces  so  that  a state  of  predominantly  plane  strain  is 
achieved  even  of  specimens  having  a lesser  plate  thickness.  Where  this  state  already  ex- 
ists, the  same  fracture  toughness  values  will  be  measured  on  non-notched  and  laterally- 
notched  specimens. 

If  this  technique  is  used  to  test  TIG  and  EB  welds  on  high-strength,  maraging  steel,  mar- 
ked differences  in  the  fracture  toughness  values  will  be  found  for  the  individual  struc- 
tures in  the  weld,  refer  to  Fig.  5. 

In  the  case  of  both  welding  processes  the  fracture  toughness  in  the  weld  metal  is  reduced 
to  approximately  60  % of  the  values  applicable  to  the  base  material.  This  is  due  to  mi- 
crosegreation  producing  austenitic  components  at  the  dendritic  boundaries  in  the  weld 
metal.  When  exposed  to  load  these  components  will  fail,  thus  promoting  crack  propagation. 
Considerable  improvement  of  toughness  can  be  achieved  by  reducing  this  segregation  through 
solution  heat  treatment  / 23  /. 

The  different  behaviour  of  the  fracture  toughness  of  these  welds  as  a function  of  test 
temperature  and  loading  rate  is  represented  in  Fig.  6. 

While  the  base  metal  reacts  with  sensitivity  to  the  temperature  decrease  and  increased 
loading  rate,  the  weld  metal  does  not  have  this  dependence.  This  is  indicative  for  the 
great  contribution  to  crack  propagation  of  the  austenitic  components  which  is  even  in- 
sensitive to  loading  rate  and  temperature  effects  / 23  /. 

In  Fig.  7 the  fracture  toughness  values  of  the  welds  achieved  on  this  steel  grade  by 
means  of  different  welding  processes  are  compared.  In  addition,  the  values  for  a high- 
strength,  quenched  and  tempered  steel  grade  (X38CrMoV51 ) have  been  plotted  for  comparison. 
It  is  clearly  seen  that  the  values  for  the  weld  metal  are  variable  with  the  welding  pro- 
cess used  and  that  different  processes  are  optimum  for  different  materials.  In  every  case, 
however,  those  welding  processes  yield  the  best  results  which  guarantee  maximum  purity 
during  the  welding  process. 
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steel  grade  investigated  area  /N/mm'’'_7  maximum  of  allowed  failure 

dimension  under  o=1 200/N/mm_/ 
in  mm 


X 2 NiCoMo 

base  metal 

3 200 

7 

X 1 1 

18  8 5 

TIG  weld 

2090 

3 

X 4 

EB  weld 

1890 

2,5 

X 4 

X 38  CrMoV 

base  metal 

1180 

0,9 

X 1 

5 1 

TIG  weld 

870 

0,5 

X 0 

EB  weld 

1 290 

1,2 

X 1 
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If  it  is  Intended  to  manufacture  components  from  these  steel  qrades  the  question  arises 
as  to  the  type  of  defect  which  must  be  detected  via  non-destructive  testing  in  order  to 
sustain  a maximum  load  of  i 20  kp/mnv^  without  hazard  - not  including  the  e‘'fccts  of  re- 
sidual stresses.  Stipulating  an  elliptical  configuration  for  internal  defects  whose  width 
and  length  shall  have  a ratio  of  1 : 3,  the  dimensions  communicated  in  the  above  compi- 
lation will  be  obtained.  It  is  likely  that  critical  defects  in  the  base  metal,  a maraging 
steel,  can  still  be  detected.  However,  weld  testing  on  components  made  of  tins  steel  grade 
already  requires  extreme  care  since  defects  having  the  dimensions  of  2.5  x 4 mm^  must  not 
be  overlooked. 

Still  greater  requirements  must  be  imposed  on  the  defect  detection  level  by  non-destruc- 
tive testing  when  the  hot-working  steel  grade  X38CrMoV51  is  used.  And  the  problem  becomes 
almost  insoluble  where  this  steel  grade  is  TIG-weled:  defects  having  dimensions  of 
0.5  x 0.8  mm^  must  be  detected. 

This  example  also  explains  the  problems  encountered  in  earlier  years  on  the  Polaris 
missiles.  The  first  of  these  missiles  were  made  of  TIG-welded  H 11  steel  which  is  highly 
similar  to  the  X38CrMoV51  material.  Subsequently  a maraging  steel  was  used  which  had 
greater  fracture  toughness  and,  therefore,  was  less  susceptible  to  defects  / 22  /. 

Studies  performed  on  diffusion-brazed  Ti-A16-V4  / 24  / yield  a similar  deviating  behaviour 
between  brazed  joint  and  base  metal.  While  all  other  strength  data  almost  agree,  the  frac- 
ture toughness  of  the  joint  is  markedly  lower.  This  reduction  is  due  to  the  residual 
copper  content  in  the  joint,  refer  to  Fig.  8.  In  this  case  the  diffusion  can  be  con- 
trolled by  varying  the  brazing  parameters,  resulting  in  optimization  of  the  toughness 
properties  of  the  joint. 

While  the  stress  relationships  and  the  applicable  laws  are  relatively  easy  to  analyse 
in  these  types  of  joints,  the  conditions  for  adhesive  bonds  are  more  difficult  to  grasp. 
Therefore,  only  empirical  studies  exist  to  this  date.  Among  these  so-called  "Aufklapp"- 
test  / 3 / has  proved  to  provide  the  greatest  amount  of  information. 

The  adhesive  layer  is  placed  between  two  base  material  specimens,  and  the  crack  initi- 
ated. The  force  is  measured  as  a function  of  opening  the  adhesive  joint  which  is  equated 
to  crack  opening,  refer  to  Fig.  9.  These  test  results  are  highly  dependent  on  the  geo- 
metry of  the  jointed  parts,  and  the  stress  state  will  be  subject  to  continuous  change 
throughout  the  test  as  a result  of  creep  phenomena. 

Under  this  type  of  load  the  crack  will  propagate  similar  to  crack  propagation  in  the 
boundary  layer  or  in  a zone  near  the  boundary  layer  in  a peeling  test  since  these  are 
usually  the  most  crack-susceptible  zones  in  adhesive  metal  bonds.  This  will  predominantly 
determine  changes  in  the  boundary  layer  as  a result  of  varying  surface  treatment  or  due 
to  aging  effects. 


3.4  DYNAMIC  FRACTURE  TOUGHNESS 


The  dynamic  fracture  toughness  of  many  materials  differs  from  the  fracture  toughness  de- 
termined in  static  tests  because  many  input  magnitudes  such  as  the  yield  point  are  sub- 
ject to  change.  The  dynamic  toughness  properties  of  joints  can  be  determined  by  means  of 
notched  bar  impact  tests  on  bending  specimens  using  an  adequately  sharp  notch  in  accord- 
ance with  the  method  communicated  by  Cabelka  / 25  /.  This  technique  will  produce  high 
strain  rates  in  the  micro  range  which,  depending  on  the  loading  rate  (approximately 
0.5-5  m/s),  can  range  between  10’  and  10°  %/s  / 26  /.  Subsequently  the  brittle  fracture 
zone  can  be  separated  from  the  ductile  fracture  zone  by  means  of  the  impact  energy  vs. 
temperature  plot  applicable  to  different  impact  rates.  The  energy  required  to  deform  and 
destroy  this  specimen  represents  an  integral  quantity  which  states  the  impact  energy  un- 
der notch  effect  and  increased  loading  rate  as  a function  of  temperature.  This  plot  will 
yield  neither  the  components  of  elastic  and/or  plastic  deformation  energy,  nor  the  energy 
components  required  for  the  partial  processes  of  crack  initiation  and  crack  propaga- 
tion / 27  /. 

Therefore,  the  test  was  "instrumented",  i.  e.  the  force  and  the  deflection  of  the  spe- 
cimen are  measured  by  means  of  electronic  pick-ups.  In  principle,  this  will  make  it 
possible  to  associate  the  partial  processes  of  the  fracture  with  the  plotted  curve.  Thus, 
similar  to  the  P-COD-curves , three  regions  are  obtained  which  are  associated  with  purely 
elastic  force  increase,  plastic  deformation  and  crack  propagation.  The  maximum  force  is 
stated  as  the  initiation  of  crack  propagation.  From  this  plot  the  dynamic  stress  inten- 
sity factor  can  be  determined  which  has  greater  significance  for  testing  joints  than 

the  K,.  factor. 

Ic 

This  also  applies  to  macroscopically  slow  loading  rates  in  those  cases  where  an  already 
propagating  crack  causes  high  strain  rates  in  the  microscopic  region  at  the  crack  tip. 

For  instance,  where  a crack  subject  to  propagation  is  formed  in  a weld  in  the  HAZ  (sta- 
tic fracture  toughness  Kj_) , it  will  be  stopped  upon  transition  into  the  non-affected 
base  metal  or  into  the  weld  metal  only  if  the  dyneimic  fracture  toughness  values  (K.  ,) 
are  adequately  high  in  these  areas.  Consequently,  the  K^,  values  are  also  the  decisive 
criterion  for  stopping  propagating  cracks  / 22  /.  The  adaitional  velocity  embrittlement 
will  cause  a reduction  of  fracture  toughness  whose  minimum  K^,  value  is  reached  in  the 

impact  loading  range  of  ^ = ._7  „ -3/2  -1  / 28  / . 

10  N mm  s 
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Measurements  of  Kj  . do  not  yet  represent  a tried  and  tested  technique.  While  the  hiqh 
loading  rates  can  Be  realised  in  notched  bar  impact  testing  machines  or  drop  weight 
testing  machines,  considerable  instrumentation  problems  arise.  These  start  with  the  fact 
that  the  force  is  measured  at  the  tup  or  in  the  vicinity  of  the  supports  so  that  it  will 
not  be  representative  for  the  loading  at  the  crack.  In  addition,  the  significantly 
smaller  mass  of  the  specimen  is  accelerated  upon  impact  of  the  tup  and  will  deflect. 

This  will  result  in  an  initial  load  increase  and  subsequent  decrease,  refer  to  Fig.  10, 
the  so-called  intertial  peak.  Moreover,  as  the  result  of  impact  excitation  shock  waves 
will  propagate  in  the  specimen  which  result  in  uncontrolled  reflection  and,  hence,  stress 
conditions  at  the  crack  tip.  Finally,  the  conventional  clip  gauges  have  too  much  intertia 
to  measure  the  crack  opening  rapidly.  Last,  not  least,  in  many  instances  there  is  a lack 
of  information  on  the  existing  yield  points  which,  according  to  Fig.  11,  is  required  in 
addition  to  the  temperature  dependence  of  and  in  order  to  determine  Kj^  / 29  /. 

The  actual  load  at  the  crack  is  now  subject  to  first  feasibility  studies  using 
photoelastic  materials  an  these  have  yielded  results  which  deviate  greatly  from  the 
previous  stipulations  / 3o  /. 

Moreover,  this  author’s  invenstigations  have  shown  that  the  assumption  of  ini- 
tial crack  propagation  at  the  load  maximum  is  incorrect.  In  order  to  show  this,  the 
load  vs.  time  profile  at  the  hammer  blade  an  the  acoustic  emission  of  the  notched 
bar  specimen  have  been  plotted  in  Fig.  12  for  two  experiments.  The  sounds  of  the 
plastic  deformation  and  the  slap  of  the  tup  was  eliminated  in  preliminary  experi- 
ments by  selecting  suitable  transducers  and  corresponding  frequency-filtering.  The 
sound  pulses  found  in  this  sample  made  of  C 6o  are  already  equivalent  to  crack  pro- 
pagation, as  confirmed  by  subsequent  metallographic  studies.  In  some  cases  propaga- 
tion is  initiated  already  at  very  low  loads.lt  should  be  kept  in  mind  that  the 
specimens  used  for  these  experiments  were  cracked  only  partly,  not  all  the  way 
through,  so  that  the  loading  required  to  calculate  K.,  does  not  even  occur.  The 
load  vs.  time  curve  which  slopes  downward  at  a faster“rate  with  greater  and  more  nume- 
rous sound  pulses  (=  greater  incipient  crack)  correlates  with  this  acoustic  emissions. 

As  a result  of  these  very  recent  studies  we  shall  not  present  any  results  ob- 
tained to  date  from  joints  which  are  still  based  on  earlier  stipulations. 


3.5  FATIGUE 


Since  aircraft  components  are  predominantly  exposed  to  cyclic  loading,  the  deve- 
lopement  an  profile  of  defect  characteristics  under  cyclic  loading  are  of  decisive 
importance  for  the  service  life  of  a component  / 31  /.  The  fatigue  process  can  be 
sub-divided  into  different  levels,  refer  to  Fig.  13,  initial  slip  phenomena  occur 
after  only  a few  loading  cycles  which  initiate  the  work  hardening  process  in  the  cry- 
stallites. These  work  hardening  processes  are  completed  only  when  saturation  of  the 
plastic  strain  amplitude  takes  place.  At  the  end  of  this  process,  sub-microscopic 
crack  initiation  occurs  / 32  /.  The  crack  initiation  process  is  subject  to  two  stages, 
refer  to  Fig.  14. 

During  the  first  stage  the  incipient  cracks,  most  of  which  are  smaller  than  the 
crystallite,  start  propagating  along  the  slip  planes  and  slip  bands  at  a rate  of  a 
few  Angstroms  per  load  cycle.  Often  stage  II  sets  in  even  when  the  first  grain  is  left, 
where  the  crack  propagates  vertically  to  the  applied  stress  an  corresponds  to  tech- 
nical-scale crack  propagation.  Depending  on  the  type  of  material  an  loading  this  di- 
rectional change  will  take  place  sooner  or  later. 

Unlike  brittle  fracture,  plastic  deformation  is  an  important  parameter  in  fatigue 
cracking.  In  many  instances  the  application  of  linear-elastic  fracture  mechanics 
appears  more  justified  for  crack  propagation  under  cyclic  loading  than  for  brittle 
fracture  problems  since  the  stress  level  at  which  a crack  will  propagate  is  relati- 
vely low.  Therefore,  theoretically  speaking,  the  plastic  zone  at  the  crack  tip  is 
small,  which  makes  analytical  treatment  difficult. 

The  first  consideration  to  determine  the  numerical  crack  propagation  rate  will 
lead  to  the  point  where  the  measured  crack  length  of  a specimen  obtained  from  a corre- 
sponding test  is  plotted  as  a function  of  the  number  of  cycles,  thus  obtaining  the 
slope  of  a curve  which  represents  a measure  of  the  crack  propagation  rate.  For  this 
purpose  Paris  developed  the  crack  propagation  relationship  under  cyclic  loading  with 
the  aid  of  fracture  mechanics.  However,  this  relation  has  various  weak  points  and  was 
therefore  supplemented  by  Forman  / 33  /. 

da  _ c • 

dN  (1-R)  - AK 


Unlike  the  formula  by  Paris  this  relation  includes  the  mean  stress  effect  and 
the  upper  boundary  of  crack  length.  But  even  Forman  failed  to  take  into  consideration 
for  his  formula  that  even  components  having  incipient  cracks  have  fatigue  strength. 


The  constants  were  determined  with  the  aid  of  some  crack  propagation  tests  an 
from  these  the  crack  propagation  was  precisely  calculated  for  speciLns  of  the  sail 


charge  / 34  /,  but  at  different  stress  amplitudes  an  mean  stresses,  refer  to  Fig.  15. 

to  cyclic  loading 

Another  effective  magnitude  for  the  crack  behaviour  of  materials  subject 
is  the  problem  of  damage  accumulation,  i.e.  the  determination  of  crack  propagation 
under  irregular  cyclic  loading  / 35  / . 
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The  damage  accumulation  problem,  too,  can  be  treated  on  the  basis  of  the  Forman 
relation.  This  is  based  on  the  root  mean  square  value  (rms  value)  derived  from  a random 
process  or  from  a load  collective.  The  significance  of  the  rms  value  as  a characteri- 
stic damage  parameter  under  cyclic  loading  is  subject  to  dispute.  One  advantage  of 
its  application  is  that  it  is  not  necessary  to  know  the  pricise  loading  profile.  On 
the  other  hand,  sequential  effects  may  be  disregarded.  But  it  may  be  precisely  these 
sequenti'al  effects  which  have  decisive  significance  for  the  life  of  a component  / 36  /, 
especially^in  the  event  of  high  peak  loads  occurring  individually  or  sequentially. 

Recently  these  investigations  are  supplemented  to  experiments  of  Ziebart  and 
Heckel  / 37  /.  They  stipulate  that  the  fatigue  behaviour  of  a component  is  dependent 
on  its  ^ape  an  size.  In  order  to  describe  this  effect  the  fatigue  process  in  the 
area  of  fatigue  strength  for  finite  life  is  explained  as  follows:  A component  inclu- 
de* defects  of  certain  size  in  statistical  distribution.  The  largest  of  these  defects 
will  propagate  as  a result  of  cyclic  loading,  resulting  in  permanent  fracture. 

The  mathematical  formulae  for  these  two  stipulations  will  yield  a calculation 
procedure  which  allows  a prediction  of  the  fatigue  life  of  a component  as  a function 
of  shape  and  size. 

A comparison  of  the  fatigue  life  so  calculated  for  three  different  specimen  shapes 
to  the  values  determined  in  actual  single-stage  tests  has  been  plotted  in  Fig.  16. 

The  testing  of  joints  with  their  numerous  and  various  structures  is  more  difficult 
than  this  simplifying  representation. 

Fig.  17  shows  the  fatigue  curves  of  the  material  X2NiCoMo  1885  and  its  TIG-welds 
after  cyclic  loading  in  a single-stage  test.  The  achieved  fatigue  strength  of  o_  = 

500  N/mm'^  is  relatively  low  so  that  the  well-known,  good  strength  characteristics 
are  not  achieved  under  cyclic  loading  / 38  /. 

This  ultra-high-|trength  steel  will  yield  good  data  only  in  the  fatigue  strength 
range  of  N < 5 • 1o  cycles.  These  results,  relatively  low  fatigue  strength  under 

high  numbers  of  cycles  to  fracture,  can  be  explained  only  by  different  damage  mecha- 
nisms. Thus,  the  first  microscopically  visible  cracks  having  a length  of  approxima- 
tely 10  pm  are  formed  in  the  capping  passes  an  cover  passes  of  the  weld,  where  a pro- 
^ nounced dendritic  structure  is  predominant.  It  is  found  that  the  origin  of  these  cracks 

IS  at  the  dendritic  boundary  and  that  subsequently  the  cracks  may  branch  out  and  change 
direction.  This  will  result  in  retardation  of  crack  propagation. 

Sub-microscopic  segregation  can  be  identified  after  only  20,000  loading  cycles. 

The  effect  of  the  structure,  refer  to  Fig.  18,  is  seen  clearly.  Moreover,  deformation 
traces  develop  at  the  embedded  secondary  phases  which  cause  material  separation  in 
the  boundary  surface  between  inclusion  and  matrix,  thus  shaping  the  subsequent  crack. 

Another  example  for  the  highly  differentiated  damage  profile  is  the  behaviour 
of  high-temperature  brazing  joints  of  super-alloys  on  the  Ni  base,  refer  to  Fig.  19. 

Thus,  the  formation  of  slip  markings  and  the  occurrence  of  fatigue  crack  struc- 
ture on  the  entire  fracture  surface  of  a joint  brazed  with  Ni-base  filler  metal  is 
indicative  for  damage  occurring  prior  to  fracture  / 39  /.  Individual  crystallites 
must  be  considered  the  nuclei  of  crack  formation,  changing  their  microstructure 
under  cyclic  loading  and  causing  sub-microscopic  cracks.  These  micro-cracks  exten- 
ding over  the  entire  joint  area  unite  into  a major  crack  which,  after  additional  loading, 
results  in  fracture. 

Fig.  20  shows  the  fatigue  crack  of  an  individual  crystallite  on  the  fracture 
surface  in  the  residual  fracture  region,  where  the  crystallite  is  destroyed  after  force- 
ful fracture. 


4 . ENVIRONMENTAL  BEHAVIOUR 


Environmental  conditions  have  a capability,  dependent  of  time,  for  oreatly  modifying 
the  structure  of  a material  and,  hence,  its  failure  resistance,  and  therefore  have 
a significant  effect  on  strength  characteristics.  Thus,  almost  all  high-strength  and 
high- temperature  resistant  metallic  materials  are  subject  to  changes  of  their  proper- 
ty over  time  which  are  further  aggravated  by  the  high  stress  gradients  existing  in 
joints . 

This  applies  especially  to  joints  of  a non-metallic  nature  such  as  adhesive  bon- 
ding, a technique  used  in  aircraft  construction  for  both,  metals  an  plastics. 


Since  these  adhesives  are  also  plastics,  even  slightly  increasing  environmental 
temperatures  can  result  in  significant  strength  losses  of  the  bonds,  refer  to  Fig.  21. 
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Especially  damayiny  is  the  effect  of  media  on  adhesive  bonds  since,  especially 
in  adhesive  bondiny  of  metals,  some  of  the  bonds  are  not  water-resistant,  or  sub- 
surface corrosion  takes  place  at  the  boundary  surface. 

The  bondiny  strenyth  is  additionally  weakened  by  mechanical  stresses  an  allows 
accelerated  humidity  diffusion,  refer  to  Fiy.  22. 

The  media  effect  requires  special  attention  even  in  the  case  of  welded  or  brazed 
joints  because  it  es  especially  siynificant  in  fracture  mechanics  studies  in  the  form 
of  increased  crack  propayation.  In  addition  to  normal  corrosion  and  the  formation  of 
local  phenomena  such  as  Evans  elements,  corrosion  in  crevices  and  the  like,  it  is  espo 
cially  the  selective  corrosion  types  which  must  bo  expected  in  joints.  Stress  corro- 
sion crackiny  in  conjunction  with  the  formation  of  local  elements  can  result  in  a 
hiyh  prediction  error  for  the  life  of  components  on  the  basis  of  fracture  mechanics, 
due  to  the  difference  in  the  structures. 

Surface  protective  measures  such  as  coating  and  the  like  are  quite  able  to  pre- 
vent general  corrosion;  yet  they  may  even  become  initiators  of  selective  corrosion 
types  due  to  changes  in  the  coating. 


4.1  STRESS  CORROSION  CRACKING 


While  under  "normal  conditions"  as  defined  by  linearelastic  fracture  mechanics 
there  is  no  movement  of  the  crack  tip  prior  to  instable  crack  propagation,  subcritical, 
stable  crack  propagation  can  be  caused  due  to  cyclic  loading  or  corrosion.  The  fre- 
quently measured  endurance  includes  both,  the  incubation  period  and  the  time  requi- 
red to  residual  fracture.  However,  the  incubation  period  might  be  a multiple  of  the 
time  required  for  crack  propagation  / 40  /.  Often,  for  instance,  media  flow  during 
the  measuring  period  will  prevent  the  formation  of  sharp  notches  required  for  crack 
propagation.  Therefore,  Engell  and  Speidel  / 41  /,  recommend  a separation  of  these 
two  periods. 

This  crack  propagation  phase  is  sub-divided  into  stable  crack  propagation 
(delayed  fracture)  and  instable  crack  propagation  (forced  fracture)  above  the  Kj 
level,  refer  to  Fig.  23.  There  is  no  crack  propagation  below  a stress  intensity^of 

*^Iscc‘ 

The  ratio  of  considered  a measure  for  the  stress  corrosion  cracking 

susceptibility.  In  tne  region  of  stable  crack  propagation  (between  Kj.  and  Kj.  ) 
different  functional  relationships  between  stress  intensity  and  craclt^propagation 
rate  are  found  / 42,  43  /.  Fig.  24  shows  a schematic  of  these  relationships.  Endu- 
rance measurements  under  different  initial  intensities  can  be  used  to  determine  the 

boundary  value  K, 

I sec 

The  allowable  size  of  a defect  can  then  be  determined  by  means  of  DCB  specimens 
via  the  boundary  value  . Stress  corrosion  cracking  is  observed  on  several  air- 

craft materials  in  different  media.  A review  of  these  phenomena  is  provided  in  one  of 
the  early  AGARD  lecture  series  / 44  / . These  have  found  the  following  significant 
effects: 

The  presence  of  Cl  ions  in  A1  alloys  an  austenitic  steel  grades  results  in  the 
destruction  of  local  covering  layers.  Electrolytes  causing  passivation  represent  the 
hazard  for  Mg  alloys. 

Special  attention  must  be  devoted  to  Ti  alloys  which  in  non-notched  condition  in 
aqueous  solutions  are  entirely  insensitive  to  stress  corrosion  cracking.  It  was  only 
through  some  incidents  of  daimage  that  attention  was  directed  to  the  high  sensitivity 
of  notched  specimens.  Therefore,  studies  / 45  / have  been  conducted  recently  on  the 
resistance  of  these  materials  whose  results  have  been  plotted  in  Figs.  26  and  27.  In 
the  NaCl  solution  the  crack  propagation  rate  is  markedly  higher  than  in  air.  Both 
critical  values,  refer  to  Fig.  27,  K-.  and  (air)  are  lower  than  and  the 

results  are  almost  independent  of  the  iSitial  loading  amplitude  • 

In  the  case  of  both  of  these  alloys,  however,  stress  corrosion  cracking  can  be 
arrested.  Therefore,  a distinction  must  be  made  between  the  critical  value  where  ini- 
tial cracks  start  propagating  and  the  value  where  the  crack  passes  through  the  spe- 
cimen without  being  arrested.  Similar  conditions  apply  to  the  TiA16V4  alloy  where, 
however,  the  values  of  and  achieve  greater  proximity. 

In  most  materials  subject  to  stress  cracking  it  can  be  determined  in  general 
that  susceptibility  increases  with  increasing  temperature  and  that  the  propagation 
rate  depends  on  the  stress  intensity.  Additionally,  the  effect  of  the  loading  rate  is 
shown  schematically  in  Fig.  25,  / 46  /. 

A striking  feature  is  the  reduced  damage  under  greater  loading  rates.  This  effect 
is  due  to  the  different  mechanisms  of  purely  mechanical  crack  propagation  and  of  the 
superimposed  electrochemical  loading.  These  mechanisms  must  be  known  precisely  for 
any  discussion  of  suitable  corrective  measures. 


Two  basically  different  concepts  are  involved  in  the  discussion.  Both  are  based 
on  the  stipulation  that  electrochemical  phenomena  promote  mechanical  crack  propagation. 
The  one  concept  is  based  on  the  assumption  that  the  anodic  part  of  the  process  contri- 
butes directly  to  crack  propagation.  In  that  case,  reference  is  made  to  stress  corro- 
sion cracking  (SCO . The  other  concept  considers  that  the  cathodic  part  of  the  corro- 
sion process  and,  hence,  the  generation  of  hydrogen  ions  from  the  electrolyte,  is  the 
predominant  cause.  The  ions  are  discharged  at  the  metal  surface  and  are  either  absor- 
bed or  adhere  to  the  surface.  The  resulting  hydrogen  embrittlement  results  in  a reduc- 
tion of  the  critical  _ value. 
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Several  concepts  have  been  developed  to  explain  SCC,  most  of  which  can  be  classi- 
fied into  one  of  three  groups.  / 41,  47  /.  The  first  group  describes  SCC  as  a selec- 
tive electrochemical,  anodic  dissolution  of  the  metal  at  the  base  of  the  crack  while 
the  second  interprets  the  cause  of  SCC  as  being  a reduction  of  the  bonding  force  at 
the  base  of  the  crack  resulting  from  the  adsorption  of  specific  ions.  The  last  group 
explains  stable  crack  propagation  with  the  brittle  fracture  of  thin  surface  layers. 

Different  model  concepts  have  also  been  developed  for  hydrogen  embrittlement 
(HE) . The  pressure  hypothesis,  / 48  /,  interprets  embrittlement  as  a result  of  high 
pressure  causing  the  recombination  of  atomic  hydrogen  in  cavities  in  the  metal.  Other 
concepts  state  that  the  cause  is  a reduction  of  lattice  cohesion  due  to  local  hydrogen 
enrichment  ahead  of  the  crack  tip  caused  by  diffusion,  / 49  /,  or  transport  through 
moving  dislocations,  / 50  /. 

The  third  theory,  similar  to  SCC,  is  based  on  the  adsorption  of  hydrogen  and  the 
resulting  reduction  of  surface  energy  (adsorption  embrittlement  fracture  hypothesis) , 

/ 48  /. 

Which  of  these  hypotheses  applies  in  any  concrete  instance  is  often  difficult 
to  decide.  As  a result  of  the  increasing  availability  of  hydrogen  there  is  danger  of 
HE  in  acid-contair. ing  electrolytes,  while  SCC  will  occur  with  preference  in  alkaline 
electrolytes.  Phelps,  / 51  /,  attempted  a distinction  between  these  two  basic  mecha- 
nisms by  determining  the  endurance  of  specimens  subject  to  different  polarization. 

Fig.  28  shows  the  results  obtained  from  measurements  on  different  materials.  He  inter- 
preted the  endurance  maxima  determined  by  him  as  transitions  from  one  mechanism  to 
another.  The  reduced  endurance  due  to  anodic  polarization  was  considered  indicative 
for  SCC  while  the  reduction  due  to  cathodic  polarization  was  considered  indicative 
for  HE. 

Since  in  cases  a-c  anodic  polarization  was  required  to  achieve  the  endurance 
maximum,  the  cathodic  part  of  the  process  was  predominant  in  the  currentless  condition. 
In  examples  d to  f this  applies  to  the  anodic  part  of  the  metal  solution  process  while 
in  cases  g,  h and  i the  reactions  taking  place  in  currentless  condition  cannot  be 
identified.  In  cases  c,  f and  i no  fracture  was  identified  at  maximum  endurance. 

However,  these  results  will  not  yield  conclusive  information  on  the  dependence 
of  crack  propagation  rate  on  the  strong  polarization  generated  since  it  is  not  clari- 
fied whether  the  polarization  of  the  non-notched  specimens  used  promotes  the  initial 
process  or  crack  propagation. 

A distinction  between  mechanisms  by  means  of  fracture  surface  studies  is  not 
feasible  in  the  macroscopic  range  since  the  phenomena  are  highly  similar.  However, 
according  to  Nielsen,  / 52  /,  electron  - microscopic  replica  fractography  can  be  used 
to  abtain  certain  information  on  the  fracture  mechanism. 

In  considering  all  of  these  investigations  it  must  be  kept  in  mind  that  they 
yield  information  only  on  crack  propagation,  not  on  crack  initiation. 

The  mechanisms  of  the  initial  phase  can  have  a variety  of  causes  such  as  mecha- 
nical notching,  damage  to  protective  layers  or  other  corrosion  phenomena.  However, 
these  phenomena  shall  not  be  discussed  in  detail  here. 


4 . 2 FATIGUE  CORROSION 


Unlike  stress  corrosion  cracking,  fatigue  corrosion  cracking  is  usually  a process 
predominantly  determined  by  mechanical  loading  which  is  intensified  by  the  electro- 
chemical process.  Thus,  fatigue  corrosion  cracking  can  occur  in  any  alloy  and  any 
pure  metal  in  quite  nonspecific  electrolytes.  In  t;  .<  case  of  fatigue  corrosion  crak- 
king  the  cracks  will  develop  only  after  the  formation  of  corrosion  fractures,  some 
of  which  are  quite  large,  and  may  become  finer  as  they  penetrate  into  the  metal  but 
remain  very  broad  in  all  cases,  as  distinguished  from  the  stress  cracks.  As  a rule, 
fatigue  corrosion  cracking  is  trans-crystalline  and  is  concentrated  on  a single  crack. 

The  crack  path  is  dependent  on  the  size  of  the  primary  notch. 
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Crack  propagation  itself  is  affected  by  both,  electrochemical  and  mechanical 
components.  Thus,  the  factors  reducing  the  repassivation  current  density  have  a fa- 
vourable effect.  The  mechanical  effect  is  clearly  dependent  on  the  frequency.  Since 
the  electrochemical  process  is  time-dependent  its  effect  fades  with  rising  frequen- 
cy, refer  to  Fig.  29. 

The  interaction  of  these  components  results  in  the  failure  of  high-temperature 
brazed  joints.  The  specimens  joined  for  testing  are  either  an  austenitic  steel  grade 
X CrNi  189  and  an  Ag  40  Cd  filler  metal  on  the  one  hand,  or  an  Ni-base  material  and 
a BAu-4  gold  filler  metal  on  the  other. 

The  Ag  filler  metal  forms  Cu-Ag  solid  solution  during  the  brazing  process,  in- 
terspersed with  (Ag-Cd-Cu-Zn)  crystals  as  a third  phase,  / 53  /. 

The  Au  filler  metal,  on  the  other  hand,  consists  predominantly  of  oc-solid  solu- 
tians  as  the  matrix,  / 54  /,  interspersed  with  Au-  and  Ni-enriched  solid  solutions. 

The  different  structures  form  strong  corrosion  elements  under  the  effect  of  elec- 
trolytes which  result  in  the  complete  dissolution  of  certain  particles,  refer  to  Fig.  30. 
Strong  attack  is  found  especially  on  the  base  metal  and  the  transition  between  filler 
metal  and  base  metal,  / 55  /.  The  filler  metal  inclusion  which  can  be  seen  in  the  top 
part  of  this  Fig.  has  an  anodic  effect  and  protects  the  adjacent  base  metal.  The  filler 
metal,  too,  is  highly  destroyed  after  this  test  of  only  145  hours  duration.  The  Ni- 
base  alloy  joined  by  the  gold  filler  metal,  on  the  other  hand,  does  not  show  any  strong 
attack  either  of  the  base  metal  or  of  the  filler  metal.  Here  the  attack  is  directed 
with  preference  at  the  grain  boundaries  along  the  diffusion  zone  of  the  filler  metal, 
refer  to  Fig . 31. 

When  these  joint?  are  subjected  to  fatigue  testing,  marked  differences  in  fatigue 
strength  are  found  even  at  very  high  test  frequency  and  with  this  relatively  minor 
damage.  These  differences  increase  rapidly  at  lower  frequencies  and  after  longer  elec- 
trolyte exposure. 


5.  DETECTION  OF  DEFECTS 


Determinations  of  the  strength  of  structural  elements  require,  in  addition  to  de- 
termining the  toughness  and  strength  of  the  materials,  information  on  the  defects 
(initial  crack  lengths) , Therefore,  the  non-destructive  test  procedures  taken  into 
consideration  must  satisfy  the  requirement  of  identifying  the  critical  defect  sizes 
established  on  the  basis  of  fracture  mechanics.  Of  special  significance  for  an  estimate 
of  hazards  due  to  defects  are  the  orientation,  type  and  geometry  of  the  defect,  espe- 
cially in  joints. 

In  addition  to  surface  test  procedures  it  es  especially  the  X-ray  structure  and 
the  ultrasonic  testing  whose  application  is  standardised  to  a large  degree  which  may 
be  taken  into  consideration,  / 56,  57  /.  The  defects  identified  by  means  of  ultrasonic 
testing  or  X-ray  testing  are  then  reduced  to  highly  simplified  basic  geometric  shapes 
which  are  then  used  for  the  fracture  mechanics  evaluation,  refer  to  Fig.  32. 

The  application  range  of  these  procedures  is  determined  by  their  physical  prin- 
ciples. Thus,  magnetic  particle,  eddy  current,  dye  penetration  and  electric  potential 
procedures  can  really  be  used  only  to  test  for  surface  or  near-to-surface  defects, 
but  in  these  situations  achieve  very  high  accuracy  in  the  order  of  10  ^m,  / 58  /. 

The  identification  limit  for  X-ray  testing  is  dependent  on  the  dimensions  of 
the  defect  in  the  direction  of  the  radiation.  Narrow  but  extended  cracks  having  an  angle 
of  only  about  5°  to  the  direction  of  the  radiation  have  not  been  found  in  some  welds, 
although  the  cracks  extended  over  approximately  10  % of  the  cross-section  area. 

Ultrasonic  test  findings  are  highly  dependent  on  the  test  frequency,  the  oscil- 
lator geometry  and  the  angles  of  incidence  in  conjunction  with  the  defect  geometry. 

Thus,  any  defect  exposed  to  the  sound  waves  will  generate  its  own  reflection  field 
with  strong  directional  beam  characteristics,  / 59  /.  Therefore,  the  defect  size  de- 
termined by  means  of  AVG  diagrams  is  sometimes  subject  to  great  variation,  depending 
on  the  test  frequency  and  the  direction  of  the  sound  waves. 

At  the  present  time  there  are  still  considerable  discrepancies  in  the  evaluation 
of  welding  defects  on  the  basis  of  AVG  on  the  one  hand  and  their  effect  on  the  safety 
of  structural  components  on  the  other.  This  becomes  apparent  from  a comparison  using 
the  example  of  fatigue  testing  of  a high-strength  steel,  refer  to  Fig.  33.  In  this 
study  it  was  difficult  to  estimate  the  effect  of  the  defect  size  determined  via  ul- 
trasonic testing  on  the  endurance  of  the  component.  It  is  likely  that  there  is  a simi- 
lar effect  on  fracture  toughness. 
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Based  on  this  aspect  of  unsatisfactory  non-destructive  testing  methodology,  there- 
fore, studies  have  been  made  more  recently  which  are  aimed  at  greater  resolution  for 
the  defect  geometry.  In  addition  to  improvements  in  test  implementation  such  as  tandem 
techniques  and  the  like,  procedures  to  influence  the  sound  wave  field,  for  instance 
by  means  of  focusing  transducers,  and  the  use  of  extremely  narrow-band  signals  of  in- 
finitely variable  frequency,  have  great  advantages.  Especially  this  last-named  pro- 
cedure is  found  superior  to  the  conventional  technique  in  testing  dif f icult-to-test 
materials  which  include  welds  subject  to  high  structural  noise,  where  narrow-band 
testing  will  yield  approximately  300  % better  results  in  terms  of  defect  resolution. 

Thus,  in  testing  Ti  workpieces  it  is  still  possible  to  clearly  identify  defects  which 
are  normally  no  longer  detectable.  Fig.  34  shows  these  conditions  for  a thicker  workpiece. 
If  the  depth  compensation  requiered  in  conventional  techniques  to  eliminate  structural 
noise  isaccomplished,  the  defect  cannot  be  detected,  while  in  the  modified  technique 
it  contrasts  from  the  noise  by  about  9 dB. 

Similar  results  have  been  achieved  in  identifying  defects  in  high-temperature  bra- 
zed joints,  in  adhesive  metal  bonds  and  especially  in  testing  reinforced  plastics. 

One  procedure  which  is  used  with  special  success  to  test  adhesive-bonded  components 
is  resonance  measurement  (Fokker  Bond  Tester) , / 60  /.  Two  effects  can  be  exploited  for 
this  technique:  while  in  large-area  adhesive  bonds  the  resonace  frequency  is  displaced 
as  a function  of  adhesive  layer  thickness  and  plate,  honeycomb  structures  show  a pre- 
ference for  attenuation  dependent  on  the  adhesive  bond.  This  procedure  can  be  used  to 
detect  with  great  sensitivity  variations  of  adhesive  layer  thickness  as  well  as  non- 
bonded  areas  on  large  components.  Systematic  studies  on  the  resolution  of  smaller  defects 
and  on  the  identification  of  aging  states  have  not  been  carried  out  to  date. 

In  addition  to  these  more  or  less  conventional  procedures  which  also  include  heat 
flux  measurements  which  are  also  used  with  preference  on  non-metallic  bonds,  some  other 
test  procedures  exist,  some  of  which  are  still  in  the  laboratory  phase.  However,  at  the 
present  time  some  of  these  techniques  must  be  eliminated  as  a result  of  their  low  reso- 
lution or  high  test  effort  involved,  such  as  acoustic  holography  , / 61  /,  or  neutron 
radiography,  / 62  / . 

On  the  other  hand,  optical  holography  and  acoustic  emission  afford  good  prospects 
for  defect  detection  in  joints  used  in  aircraft  construction. 

Holography  is  especially  suitable  to  determine  surface  deformations  on  real  struc- 
tural components,  / 63/.  These  translations  can  be  resolved  with  an  accuracy  of  approxi- 
mately 0.1  /urn,  and  at  the  same  time  it  is  possible  to  test  large  surfaces.  This  results 
in  two  preferred  approaches:  on  the  one  hand,  defects  existing  in  joints  can  be  identi- 
fied by  forcing  deformations  onto  the  joint,  for  instance  via  thermic  shock,  static  loa- 
ding or  vibration  excitation,  / 64/;  and,  on  the  other  hand,  deformation  prior  to  and 
after  the  jointing  process  can  be  identified  to  obtain  information  on  existing  residual 
stresses,  / 65  /. 

Fig.  35  shows  the  deformation  pattern  of  a metallic  sprayed  coating  under  thermal 
shock.  The  defect  contrasts  clearly  as  a pertubation  of  the  ircerference  pattern  from  the 
otherwise  rotation-symmetrical  band  system.  The  reason  is  a non-bonded  area  of  nearly 
1 cm  induced  by  bad  surface  treatment.  By  means  of  suitable  evaluation  procedures  this 
interference  system  can  be  used  to  determine  the  deformation  as  a function  of  the  wave- 
length of  the  light  used  in  each  instance. 

Fig.  36,  on  the  other  hand,  shows  a bolt  welded  to  the  rear  of  a component.  For  this 
purpose  the  part  was  exposed  prior  to  and  after  resistance  welding  so  that  the  resulting 
interference  bands  represent  the  deformations  of  the  plate  caused  by  the  welding  process. 
The  high  band  desity  already  indicates  the  great  load  exposure.  Again,  suitable  eva- 
luation procedures,  most  of  which,  however,  are  still  dependent  on  the  use  of  computers, 
allow  determination  of  the  elongations  in  the  vicinity  of  the  weld. 

Acoustic  emission  analysis  is  the  second  procedure  with  direct  application  potent- 
ial for  testing  joints  of  high-strength  materials,  / 66-68  /.  Compared  to  the  other, 
prevously  named  procedures  its  advantage  is  that,  being  a passive  technique,  it  will 
yield  an  indication  only  when  a defect  is  detected.  This  means  that  it  cannot  detect 
defect  geometries  but  can  detect  with  great  sensitivity  the  criticality  of  a defect, 
independently  of  its  type  and  orientation.  This  is  possible  because  even  incipient  cracks 
in  the  order  of  a few  pm  will  emit  sound,  some  of  them  even  prior  to  the  plastic  defor- 
mation taking  place  ahead  of  a propagating  crack.  These  characteristics  lend  this  tech- 
nique application  potential  for  both,  inspection  of  large  structures  and  supporting  tests 
in  inspections  of  joints  for  mechanical  and  electrochemical  resistance. 

Fracture  mechanics  studies  of  TIG  welds  of  maraging  steel  grade  X 2 NiCoMo  18  85, 
in  conjunction  with  acoustic  emission  analysis,  allow  interpretation  of  the  failure 
sequence,  refer  to  Fig.  37.  This  Fig.  shows  the  crack  opening  sequence  under  load  and 
the  acoustic  emission  as  well  as  the  slope  of  the  curve  in  the  form  of  a block  diagram. 
The  individual  slope  regions  are  associated  with  different  crack  propagation 
phases:  while  the  small  slope  is  associated  with  void  formation  in  the  austenitic 
components  at  the  grain  boundaries,  the  greater  curve  slope  can  be  associated  with 
crack  propagation  through  the  martensitic  region  of  the  structure 
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Investigations  of  this  kind  are  already  successfully  carried  out  using  welded  joints 
of  different  materials  even  under  normal  state,  / 69-71  /. 

By  means  of  additional  analyses  a differentiation  between  the  wanted  signals  and 
disturbing  noise  can  be  achieved.  This  leads  to  a very  bigly  sensitivity,  so  that  the 
different  stages  of  fracture  and  the  mechanism  of  failure  in  welds  can  be  observed.  This 
shall  be  shown  by  means  of  the  example  of  crack  propagation  in  a real  weld  as  a result 
of  welding  defects,  / 73  /. 

Spot  welds  of  high-strength  steel  grade  X 38  CrMoV  5 1 show  highly  variable  frac- 
ture forms  and  defect  susceptibility,  depending  on  the  heat  treatment.  During  crack 
propagation  itself,  high  acoustic  components  are  emitted  which  can  be  distinguished 
by  their  frequency  spectra,  for  instance  associated  with  a certain  heat  treatment  state, 
refer  to  Fig.  38.  These  spectra  are  recurrent,  depending  on  load  (refer  to  the  table 
in  Fig.  38) , and  can  be  associated  to  crack  propagation  in  different  structures  of  the 
weld,  such  as  nugget  structure  an  the  heat-affected  zone,  by  means  of  metallographic 
studies,  refer  to  Fig.  39  / 74  /.  From  these  studies  it  is  then  possible  to  derive  a 
failfure  model  which  will  make  it  possible  to  improve  significantly  the  fracture  safety 
of  the  weld  by  means  of  purpose-oriented  modification  of  the  strength  behaviour  / 73  /. 

This  technique  has  also  been  used  successfully  for  studies  on  the  development  of 
welding  defects  / 71  /,  on  the  damage  profile  in  adhesive  metal  bonds  and  in  fibre- 
reinforced  plastics,  / 75  /,  high-temperature  brazed  joints  / 76  /,  involving  different 
base  metals. 

In  particular,  this  technique  could  be  used  to  supplement  non-destructive  testing 
at  regular  inspection  intervals  in  that  it  allows  in-flight  inspection.  At  least,  this 
possibility  has  been  indicated  in  Bailey's  studies,  / 77  /,  who  identified  in-fiight 
interference  noise  in  his  initial  studies.  Based  on  this  experience  it  is  likely  that 
most  noise  caused  by  crack  propagation  in  high-strength  materials  can  be  identified  clear- 
ly. 


6.  CONCLUSIONS 

The  mechanical  and  electrochemical  resistances  of  joints  of  high-strength  materials 
are  considered  at  present  mainly  from  the  point  of  view  of  mechanical  failure.  To  under- 
stand the  toughness  and,  consequently,  the  resistance  to  the  extension  of  defects  in  the 
joints,  we  avail  ourselves  of  the  concepts  of  the  mechanics  of  linear  elastic  and  ductile 
fracture  which  may  also  be  referred  to  the  influence  of  environmental  conditions.  The  same 
considerations  apply  to  the  strength  under  alternating  stress  both  in  monotonic  and  irre- 
gular succession. 

As  compared  to  these  tests,  we  mention  that  the  methods  concerning  the  determination 
of  dynamic  characteristic  values  such  as  the  instrumented  notched  bar  impact  test  are  still 
at  the  stage  of  further  development.  The  arrangement  of  the  tests  and  the  measuring  tech- 
nique raise  problems  which  so  far  do  not  allow  to  draw  exact  conclusions  from  the  pheno- 
mena occurring  at  the  top  of  the  crack. 

For  this  reason  mainly  the  methods  of  the  mechanics  of  linear  elastic  and  ductile 
fracture  for  the  testing  of  joints  of  high-strength  material  come  at  present  into  consider- 
ation. For  the  implementation  of  this  testing  it  will  be  essential  that  the  determination 
of  the  values  be  made  in  the  weakest  zone  and  whilst  doing  so  possible  defects  and  the  pre- 
sumable direction  of  the  extension  of  the  defects  should  be  taken  into  consideration.  This 
especially  applies  to  the  geometry  of  the  joint. 

Methods  of  non-destructive  testing  are  used  to  discover  the  defects.  The  recogniza- 
bility  of  defects  by  means  of  the  conventional  methods  such  as  X-ray  and  ultrasonics  must 
be  judged  with  regard  to  the  requirements  of  the  mechanics  of  fracture.  They  must  be  con- 
sidered as  unsatisfactory . In  this  connection  we  should  mention  that  there  are  new  methods 
which  are  undergoing  laboratory  tests.  The  results  achieved  so  far  promise  to  expect  an 
improved  determination  of  the  defects. 
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parts  of  a TIG-welded  maraging  of  an  EB  - welded  steel 

steel  (X  2 NiCoMo  18  8 5) 


fatigue  crack  chevron  notch 


side  kerf 


0 0,5  1,0  1,5  20  2,5  3,0  3,5  4,0 


Fig.  3 Schematic  diagram  of  crack 

opening  5 , crack  length  a and 
strain  e 


weld  HAZ 


Fig.  4 Specimen  with  side  groovings 

for  fracture  toughness  testing  of 
the  heat  affected  zones 


^ 1 23456789  10 

maximum  residual Cu  in  joint-percent 


Fig.  8 Influence  of  residual  Cu  in 
brazed  joints 


Fig.  9 Crack  opening  displacement  of 
bonded  aluminium 

adhesive:  modified  phenolic  resin 
(chemoxal:  trade  name  Alu  Suisse 
pickling:  chromatic  sulfor  acid) 


Fig  10  Load  time  curve  of  an  impact  test 
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Fig.  14 
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Crack  propagation 
during  fatigue 
testing 
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Fig.  15  Crack  propagation  versus  stress 
intensity  under  fatigue 
conditions 


specimen 

10 

2° 

34^ 

prediction 


Comparison  between 
practical  results 
and  calculation  of 
the  fatigue  strength 
of  structures 


10° 

No  ofcycl* 


Fig.  17  Fatigue  strength 
of  a welded 
maraging  steel 


I N/mWl 


dendrite  boundary 


Deformation  in  the  weld  metal 
of  a TIG-welded  maraging  steel.. 
Replica.  CAL.  R=0,1;G  =7oo  N/mm 
N =75.000  cycles ;N=2o?ooo  cycles 


slip  band 


Brazing  temperature 
1190 'C 

Specimen  shape 
Roundtensile  to 
DIN  852S 
Testing  method 
variable  tension 
f = 30Hz 
Heat  treatment 
after  brazing  : 

1100*  C /20h/air 
710'  C / 16  h/air 


Fatigue  test 
requirements ; 

Max.  stress  400 N/mm 
Stress  ratio  R = 0.1 
Test  temoerature  RT 


Scanning  electron 
micrograph  of  a crystal 
inside  the  brazed  joint 
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Fig.  2t 


Fracture  toughness  of  ma- 
terials in  inert  and 
agrcssive  environment 


Fig.  26  Crack  velocity  versus 
stress  intensity  of 
Ti  A1  8 Mo  1 V 1 


10 


a = anodic  polarization 
k = cathodic  " 


a - c : cathodic  corrosion  dominant 
d - f : anodic  " " 

g - i : no  interpretation 


Fig.  28  Determination  of  corrosion  mechanisms 


— 


Influence  of  loading  frequency  on  fatigue 
crock  growth  in  on  aggressive  environment 


Fig. 29  Influence  of  loading  fre 
quency  on  fatigue  crack 
growth  in  an  agressive 
environment 


Flg.3o  Scanning  electron  micrographs  of  high 

temperature  brazed  joints  after  corrosion 
attack.  (145  h in  5%  H-SO.) 

Base  metal:  X 5 CrNi  18  9 
Filler  metal:  L-Ag  4o  Cd 


flaw  s ze 


Fig.  35  Hologram  of  a metal  Fig.  36  Residual  stressei.  in  a spot  welded 

sprayed  layer  on  a high  joint 

strength  steel  and  the 
detection  of  a non  bonded 
part  by  laser  inter- 
ferometry 


SANDWICH  HETALLIQUK  A AME  OWDULEE  SOUDE 


AB^liorationa  des  caractdrlatlques  n^caniquea 
par  traitement  themlque  da  relazation-dlffualon 

Procddd  da  contrSle  dea  aoudurea  par  themo^raphie 
infra-rouge 

Serge  DZALBA-LYNDIS 

SOCIETE  NATIONALE  INDUSTRIELLE  AEROSPATIALE 
Division  dea  Engine  Tactiques 
92320  - Chatillon-aoua-Bagneuz  - FRANCE 


RESUME 


En  raison  de  leura  qualitda  de  Idg^retd  et  de  rigiditd,  I'intdrtt  dea  atructurea  aandwich  n'eat 
plus  h ddmontrer.  Pour  les  usages  k temperatures  moyennement  et  tr^s  eievdes,  ces  materiauz  doivent  nd- 
cessairement  8tre  mdtalliques  et  8tre  asaemblds  par  braaage  ou  par  soudage. 

En  France,  au  cours  du  ddveloppement  d'un  matdriau  sandwich  k tme  ondulde  habituellement  soudd  par 
points  par  rdsistance  et  comaercialisd  sous  I'appellation  NORSIAL,  deux  techniques  particulidres  ont  dtd 
ezpdrimentdes  et  dvaludes.  Ces  techniques  peuvent  oisai  6tre  utilisdes  pour  toutes  sortes  de  structures 
souddes. 

La  premiere  consiste  d fairs  subir  au  matdriau  prdalablement  soudd  par  points  par  rdsistance,  et 
lorsqu'il  est  en  titans  ou  alliages  de  titeme,  un  traitement  thennique  sous  vide  qui  assure  : 

- une  homogdndisation  mdtallurgique  entre  le  mdtal  de  base  et  les  zones  affectdes  par  le  soudage, 

- une  relaxation  des  contraintes  dues  k ca  soudage, 

- une  augmentation  des  surfaces  de  liaison  par  diffusion  A I'dtat  solids  sous  les  seuls  efforts  des 
"rdtreints”  de  soudage. 

Cette  procddure  conduit  k des  amdllorations  considdrables  des  rdsistances  mdcanlques  statiques  et  de 
fatigue  du  matdriau. 

La  seconds  technique  est  une  mdthode  de  contrOle  de  la  qualitd  des  aoudures  en  cours  de  fabrication. 

Elle  consiste  A observer  la  surface  du  matdriau,  un  court  Instant  aprds  la  formation  d'un  point  de 
soudure,  A I'aide  d'une  camdra  infra-rouge  associde  A vin  moniteur  TV. 

La ’’signature"  thermique  d'un  point  do  soudure  est  en  rapport  dtroit  avoc  sa  qualitd. 

Le  controls  peut  ttre  effectud  visuellement  par  I’opdrateur  ou  automatiquement  par  des  dlspositifs 
dlectronlques. 

INTRODUCTION 


L’ usage  des  structures  sandwich  dans  les  constructions  adrospatiales  s’ est  gdndralisd  dAs  les  premiers 
temps  de  I’avlation.  Ces  structures  permettent  en  effet  de  conclller,  avec  d'autres  Impdratifs,  les  deux 
qualltds  A priori  contradlctolres  que  sont  la  LEGERETE  et  la  RIGIDITE. 

En  gdndral,  une  Sme  IdgAre  est  utilisde  pour  assembler  des  feiiilles  relatlvement  minces  A une  dis- 
tance apprdciable  I’une  de  I’autre,  apportant  ainsl  A un  panneau  de  structure,  une  riglditd  considdrable- 
ment  supdrieure  A cells  qu’il  aurait  si  les  matdriaux  dtaient  rdunis  en  une  plaque  homogAne.  Cette  propridtd 
mdcanique  avantageuse  sous  I’aspect  du  poids  conduit  pour  des  dldments  travaillant  en  compression  ou  en 
flexion  A la  conception  d’ ensembles  structuraux  plus  Idgers,  moins  encombrants  et  plus  simples  en  dlminuant 
voire  en  supprimant  les  cadres,  nervures,  raldisseurs  habituellement  ndcessalres  pour  rdsister  au  flambage 
sous  charge. 

Pour  lea  usages  en  tempdraturec  basses  ou  moyennes,  de  nombreux  produits  sont  disponibles  sous  diversea 
formes  gdndralement  assembldes  par  collage  dont  la  plus  courante  est  A base  d’Ame  en  nld  d’abeille  tent  en 
matiAres  organlques  (papier,  polyamide,  etc  ...)  que  mdtallique  (alliages  d’alumlnium  principalement). 

Pour  les  utilisations  en  tempdratures  plus  dlevdes,  I’emplol  de  mdtauz  de  mellleure  tenue  thermique  est 
ndcessaire  et  -es  assemblages  soudds  ou  brasds  s’imposent. 

L’emploi  de  tels  matdriaux  se  Justlfle  particuliArement  dans  les  structures  d’avlons  ou  d’engins  dvo- 
luant  A grands  vltesse  et  dans  celles  des  groupes  motopropulsifs. 

Dana  le  monde,  quelques  produits  seulement  donnent  lieu  A dea  fabrications  vdritablement  industrlelles  | 
les  architectures  sont  toutes  dlffdrentes  ainsl  d’allleurs  que  les  techniques  d ’assemblage  qui  sont  t solt 
le  soudage,  solt  le  brasage,  aoit  le  aoudo-brasage.  Les  mdtaux  constitutifs  sont  trAs  varids,  les  plus  cou- 
rants  sont  : 

- les  aciers  inoxydablea  (aISI  Sdrie  300) 
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- les  aciers  i traiteoent  de  durciaaement  atruotural  (PH  15-7  Mo,  17-4  PH, 

- la  titane  at  las  alllagea  da  titana  (TA6V4,  TA3V2,5,...) 

- laa  suparalllagas  rdfractairaa  A basa  nlckal  (inco  625  at  7'8,  Haatelloy,  Waspalloy,  Rand  41,  ...) 

- laa  suparalllagas  rdfractairas  A basa  cobalt  (Haynas  25  at  188,  ,,,) 

PRESEHTATIOH  DO  HATERIAg 

Bn  Franca,  la  Socldtd  Natlonala  ABROSPATIALB  a ddvaloppd  un  matdrlau  sandwich  A fima  ondulde  soudd, 
ddnomad  NORSIAL.  Cast  una  structura  sandwich  constltuda  da  fauillas  onduldas  assambldes  las  unas  sur  las 
autras  pour  former  un  noyau  at  de  fauillas  llssea  ou  "peaui"  emprisonnant  ce  noyau.  De  trAs  nombreui  agen- 
cements  sont  possibles,  cependant  pour  les  structures  les  plus  usuelles,  les  variantes  adoptdes  la  plus 
couramment  sont  : 

- la  aemi-aandwlch  composd  d'une  peau  at  d'une  ftme  ondulde  (figure  i), 

- la  sandwich  simple  onduld,  composd  de  deur  peauz  encadrant  una  feuille  ondulde  (figure  2), 

- la  sandwich  double  onduld,  composd  das  deux  mSmes  peauz,  mais  avec  un  noyau  A double  ondulation 
(figure  5), 

- la  Biindwich  multi-couche  (figure  4). 


lemi-  sandwich 
semi  - sandwich 

Figure  1 


double  ondule  - deux  peaux 
double  corrugated  core  - Iwo  skins 

Figure  3 


simple  ondule -deux  peaux 
single  corrugated  core  - two  skins 
Figure  2 


sandwich  multicouche 
multicare  sandwich 

Figure  4 


AprAs  I'dlaboration  dea  nappes  onduldas,  I'assemblage  das  dldments  constltutifs  du  sandwich  est  gdnd- 
ralement  rdalisd  par  soudage  par  rdsistance  A la  aolette  par  points  ou  contlnu  (an  chainatte)  avec  ou  sans 
interposition  d'dldments  conducteurs  rlgides  (mandrins) 

De  trAs  nombreusas  solutions  pratiques  sont  possibles  pour  effectuar  ce  soudage,  nous  an  illustrons 
cl-aprAs  quelques  unas  : 

- Figure  5 ; soudage  d'xme  peau  antra  dauz  molettes,  dont  una  A fil,  situdes  de  part  at  d'autre  de  la 
structure  sandwich, 

- Figure  6 : soudage  d'une  peau  sur  table  conductrice  par  deux  molettes  A fil  parallAles, 

- Figure  7 : soudage  d'une  peau  sur  table  conductrice  par  une  molette  A fil  unique, 

- Figure  8 i soudage  d'une  seconde  peau  entre  deux  molettes  situdes  de  part  at  d'autre  de  la  structure 

sandwich  avec  interposition (fun  mandrln  conducteur, 

- Figure  9 ; soudage  d'une  seconde  peau  sur  table  ou  forme  conductrice  par  deux  molettes  parallAles 
avec  mandrins  conducteurs, 

- Figure  10  s soudage  d'une  seconde  peau  sur  table  ou  forme  conductrice  par  une  molette  unique  et  mandrin 
conducteur. 


Machine  a toudcr  d plot 
Flat  welding  machine 
Figure  11 


Machine  d souder  en  forme 
Welding  machine  on  iorm 
Figure  12 


Machine  a louder  circuloire 
Circular  welding  machine 


Quelques  exemples  de  constructions  rdalisdes  par  cette  teohnologie  sandwich  soudee  sont  pr^sentds 
par  les  figures  14  a 17  : 


Figure  14  : Jupe  interdtage  avant  du  second  dtage  franqais  CORALIE  du  lanceur  spatial  europden 


EUROPA 


Jupe  arridre  du  deuzidme  dtage  du  lanceur  spatial  DIAMANT, 
Empennages  de  missile, 

Capot  de  moteur  de  1' avion  de  transport  militaire  TRANSALL 


Jupe  inierelage  DIAMANT 
Inlerslage  skirl  lor  DIAMANT 


igure 


Empennages  d'engin 
Missile  slabilisers 
Figure  16 


Capol  moleur  de  I 'avion  TRANSALL 
Engine  cowl  for  TRANSALL  aircrall 
Figure  17 
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AMELIORATIONS  DES  CARACTERISTIUHES  HECANIQUES  PAR  TRAITEWEJiT  THERMIfcUE  DE  REUXATION-DIFFUSION 

Si  le  aoudage  par  r^aistance  eat  en  g^n^ral  un  moyen  d’aaaeinblage  qui  permet  I'obtention  de  piecea  de 
bonne  qualitd,  quelquefoia  lea  mf^tauz  utlllsda  et  notamnent  la  majority  dea  nidtaux  k hautes  caractdriatiquea 
mdcaniquea  s'adaptent  mal  A ce  mode  de  liaiaon.  O' eat  en  particulier  le  caa  dea  alliagea  de  titane  dont  on 
connait  le  comportement  mediocre,  notamment  en  rdaiatance  A la  fatigue,  dea  aaaemblagea  aoudda  par  pointa 
par  rdaiatance.  Get  inconvenient  eat  provoqud  par  dea  effete  rndtallurgiquea  dOa  aux  pointa  de  aoudure  qui 
ont  pour  conaequence  principale  une  fragiliaation  en  pdripherle  dea  lingota  de  aoudure. 

Par  contre,  on  connait  auaai  I'excellent  comportement  de  cea  mSmea  aaaemblagea  loraqu'ila  peuvent  8tre 
aoudda  par  diffuaion.  II  vient  done  naturellement  a I'eaprit  de  tenter  de  realiaer  I'aaaemblage  dea  eiementa 
conatitutifa  du  materiau  aandwich  dderit  preeddemment,  dlreotement  par  aoudage  par  diffuaion.  Malheureuaement 
a'il  eat  poaaible  de  pratiquer  facilement  ce  type  de  aoudage  our  dea  piAceo  maaaivea  et  mfime  d'obtenir  dea 
dchantillona  aandwich  de  petitea  dimenaiona  avec  du  matdriel  de  laboratoire,  lea  aolutiona  induatriellea  ne 
preaentent  paa  de  garantiea  de  qualitd  auffiaantea  ou  requiferent  dea  inveotiaaementa  de  ddveloppement  et  de 
production  de  niveau  prohibitif. 

Auaai,  noua  avona  penad  qu'il  pouvait  8tre  intdreaaant  d'amdliorer  lea  liaiaona  du  matdriau  aandwich  en 
alliagea  de  titane  en  combinant  le  aoudage  par  rdaiatance  par  pointa  A la  molette  tel  qu'il  eat  habituellement 
pratiqud  et  le  aoudage  par  diffuaion.  Li  technique  conaiate  A faire  aubir  un  traitement  thermique  aoua  vide 
(ou  aoua  atmosphAre  protectrice)  aux  otructurea  aandwich  termindea  prdalablement  aaaembldea  par  aoudage  par 
rdaiatance  ; la  preaaion  ndceaaaire  pour  une  diffuaion  A I'dtat  aolide  autour  dea  lingota  de  aoudure  par  re- 
sistance provlent  uniouement  de  I'effet  de  "rdtreint"  inclua  dana  cea  lingota.  aana  autre  diapoaitif  annexe 
de  preaaage. 

Lea  clichda  micrographiquea  dea  figurea  18  A 21  permettent  la  comparaiaon  mdtallurgique  dea  aaaemblagea 
d'une  "peau"  de  rev8tement  avec  une  9me  ondulde  en  alliage  de  titane  TA6V4,  entre  deux  lingota  de  aoudure 
par  rdaiatance  : 

- Figurea  18  et  19  : brut  de  aoudage  par  rdaiatance, 

- Figure  20  : aprAa  traitement  de  2 heurea  A 850°  C aoua  vide, 

- Figure  21  : aprea  traitement  de  2 heurea  a 950°  C aoua  vide. 


Bruf  de  seudage  par  resistance 
Alter  resistance  spot -welding  operation 


Figure  18 
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Flours  19  ! Brwl  *«udaf*  p«r  r*»t»tanc*  — Altar  raftialanc*  tpat-waUing  aparotion 


Figura  20-  Apra*  Ireilamaal  da  2 haarat  a 950*0"- Altar  haat  • Iraalmant  lor  2 hoar*  ot  850*  C 


Figare  21  : Aprat  traitamani  da  2 haurat  a 950*0  — Altar  heat -Iraofmanf  lor  2 hoari  of  950*0 


Lea  figures  18  et  19  relatives  & un  ^tat  "brut  de  soudage  par  resistance''  montrent  nettement  les 
diverses  zones  principales  : 

- les  lingots  de  soudure  proprement  dits,  a structure  fortement  dentritique  , 

- les  zones  periphdriques  auz  lingots  de  soudure  affectdes  thermiquement  par  le  soudage, 

- la  zone  intermediaire  entre  les  points  de  soudure  qui  laisse  apparaltre  une  structure  de  lacinage 
inhdrente  a ces  clinquants  de  faibles  epaisseurs. 

On  constate  que  le  traitement  thermique  provoque  progressivement  une  homogeneisation  mctallurgique 
du  lingot  de  soudure,  de  la  zone  affectee  thermiquement  par  le  soudage  par  resistance  et  du  mdtal  non 
affecte.  Par  ailleurs,  I'energie  d'activation,  produite  par  la  temperature  dlevee  procure  une  mobilitd  suf- 
fisante  aux  atomes  pour  traverser  le  plan  de  joint  sdparant  le  revStement  du  noyau  onduie  ; la  junction 
peau-ondule  est  favorisee  par  une  coalescence  et  I'apparition  de  grains  mdtalliques  a la  place  de  1' inter- 
face initial,  les  surfaces  de  liaison  sent  considdrablement  accrues  et  les  entailles  en  extr®mites  de  lingots 
de  soudure  sont  supprimees  (leur  positionnement  dans  une  zone  fragile  avait  un  effet  extrSmement  ndfaste  sur 
les  resistances  m^caniques,  notamment  en  fatigue). 

On  constate  dgalement,  qu'a  partir  de  8509  C,la  structure  de  laminage  d'origine  s'attdnue  et  qu'a  partir 
de  950°  C une  structure  de  recuit  h plus  gros  grain  se  gdndralise. 

Des  filiations  de  microduretd  sous  faibles  charges  (figure  22)  confirment  qu'apres  les  traitements  ther- 
miques  sous  vide,  nous  sommes  en  prdsence  d'une  structure  recristallisde  de  recuit  apportant  : 

- une  homogendisation  entre  le  metal  de  base  et  les  zones  affectees  thermiquement  par  le  soudage  par 
rdsistance  et  notamment  un  adoucissement  des  zones  oorticales  aux  lingots  de  soudure  originellement 
dures  et  fragiles, 

- une  liberation  des  contraintes  dues  au  soudage. 

D'autres  essais  de  qualification,  par  ailleurs  couramment  pratiquds  en  production,  ont  dtd  entrepris  ; 
ils  consistent  mesurer  la  resistance  k I'dclatement  par  surpression  hydraulique  interne.  Ces  essais  ont  dtd 
effectuds  sur  des  dprouvettes  sandwich  k simple  couche  ondulde  (figure  2)  en  alliage  de  titane  TA6V4  : 

- brutes  de  soudage  par  rdsistance, 

- traitdes  2 heures  a 850°  C sous  vide, 

- traitdes  2 heures  h 900°  C sous  vide, 

- traitdes  2 heures  b 950°  C sous  vide. 

La  pression  interne  d'dclatement  ddpend,  toutes  choses  dgales  par  ailleurs,  de  la  surface  de  liaison 

entre  I'onduld  et  les  peaux  ; il  est  dvident  que  si  la  surface  augmente,  il  en  sera  de  m6me  de  la  pression 
d'dclatement.  Cependant,  les  lingots  de  soudure  ne  sont  pas  seulemert  sollicitds  en  traction  pure,  mais  sont 
plut8t  soumis  k des  efforts  combinds,  ausai,  ce  mode  de  sollicitation  n'admet-il  que  difficilement  des  liai- 
sons fragiles. 
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Cet  esaai  peut  done  renaelgner  aur  I'dvalution  de  I'aaaeBblaf’e,  aoua  deux  aapecta  : 

- accroiaaanent  dea  aurfacea  de  llalaon, 

- degrd  de  fragility  de  I'aaaemblage. 


Figure  22 


Le  tableau  ci-aprfea  recap! tule  lea  preaaiona  d'^clatement  de  diveraes  ^prouvettea  et  met  en  evidence 
lea  ameliorationa  apport^ea  par  le  traitement  thenalque  post-aoudage  par  r^aiatance  : 


Eprouvettes 

Brutes 

de 

soudage 

traitees  2 

h.  sous  10~5  torr 

850°  C 

900°  C 

950°  C 

80 

141 

180 

ler  aerie 

Pression 

85 

119 

200 

d'edatement 

48 

140 

( bars ) 

2kme  aerie 

142 

50 

144 

Dn  autre  type  d'eaaaia  comparatifa  a auaai  pratiqu^,  11  correapond  h une  aollicitatlon  en  g^n^ral 
tr^a  proche  dea  conditions  d’utlllsation  r^elles.  II  s'agit  d'eaaaia  de  flexion-claaillement  r^pet^e  de 
poutre  sous  charge  centrale. 

La  figure  23  pr^aente  lea  courbea  de  WVehler  de  r^aistance  en  fatigue  aoua  sollicitation  de  flezion- 
cisalllenent  ondul4e,  reapectivement  de  aandwichs  en  alliage  de  titane  TA6V4  bruts  de  soudage  par  resistance 
et  traltda  thermlquement  2 heures  & 900°  C aoua  vide. 

L'intdrtt  de  ce  traitement  thendque  eat  Evident,  il  accroit  de  30  ^ A 90  ^ lea  limitea  de  resistance 
en  fatigue  dans  la  ganme  de  10^  k 10*^  cycles.  Ces  ameliorations  sont  dues  pour  une  grande  part  k la  sup- 
pression par  liaison  par  diffusion  de  I'effet  d'entallle  cn  eitrkmltes  dee  lingots  de  soudure  par  resis- 
tance. 
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Figure  23 


Une  application  a I'echelle  moteur  financ^e  par  la  Direction  des  Recherches  et  Koyena  d'Essais 
(France)  a dte  faite  sur  un  canal  de  rechauffe  3NECI^/Ki  53  qui  a subi  avec  succes  des  essaia  au  banc 
(figure  24) 


Canal  de  rechaulie  de  moleur  SNECMA/M53 
PosI- combusiion  dud  for  SNECMA/M  53  engine 
Figure  24 


En  concljsion,  la  technique  consistant  & traiter  thermiquement  le  matdriau  sandwich  NORSIAL  en 
alliages  de  titane,  d'abord  soud4  par  resistance  par  points  a la  molette,  par  eremple  pendant  2 heures  sous 
vide  a 900“  C dans  le  cas  de  I'alliage  TA6V4,  presente  des  avantag-es  tres  importants  et  indeniable-  quant 
aux  caracteristiques  de  resistance  meoanique  du  materiau  tant  sous  des  sollicitations  statiques  qu  n fatigue. 
Ces  ameliorations  sont  dues  a : 

- une  homogeneisation  netallurgique  entre  le  metal  de  base  et  les  zones  affectees  thermiquement  par  le 
soudage  par  resistance, 

- une  relaxation  des  contraintes  dues  a ce  soudage, 

- une  augmentation  des  surfaces  de  liaison  des  revfitements  et  des  noyaux  ondules  par  diffusion  ^ I'etat 
solide,  sous  les  seuls  efforts  des  "retreints"  de  soudage  et  amenuisant  notamment  les  effets  d'entailles  aux 
interfaces. 

Cette  technique  et  ses  consequences  bdnefiques  ont  etd  decrites  dans  cet  expose  dans  le  cas  de  1' appli- 
cation a un  mat4riau  sandwich  particulier,  il  semble  Evident  qu'elle  peut  fttre  reconduite  & toutes  sortes  de 
structures  souddes. 
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PROCSIjt;  DE  CONTROLE  DBS  SOUDUKES  PAR  THKRMOGRAPHI E INFRA-ROUGE 

Le  contrSle  de  1' assemblage  des  mat^rlaux  sandwich  est  tou jours  un  problems  ardu,  que  ces  matdriauz 
soient  d'ailleurs  collds,  bras^s  ou  soud^s.  Mais  en  particulier  lorsque  I’  matdrlau  sandwich  est  assemble 
par  soudure,  son  contrftle  non  destructif  est  un  problems,  qui  jusqu'k  ce  jour,  n'a  pas  requ  de  solution  en- 
tiferement  satisfaisante.  Cette  lacune  est  particulierement  ressentie  dans  I'industrie  a^rospatiale,  qui 
requiert,  pour  des  raisons  de  sdcuritd  dvidentes,  des  assurances  formelles  quant  i la  qualitd  des  assemblages 
rdalises. 

Les  ddfauts  des  points  de  soudure  par  rdsistance  en  gdndral  et  aussi  ceuz  des  structures  sandwich  k 
9me  ondulde  souddes  peuvent  6tre  de  divers  types.  L'un  des  plus  graves  est  la  non-conf ormi td  des  dimensions 
des  lingots  de  soudure  h celles  qui  dtaient  attendues  ; la  longueur  L,  la  largeur  1,  peuvent  6tre  infdrieures 
(ou  supdrieures)  h celles  prdvues,  les  pdndtrations  PI  et  P2  peuvent  6tre  diffdrentes  de  celles  souhaitdes 
(figure  25)  ; lorsque  I'une  d'elles  est  quasi-nulle,  le  point  est  dit  "colld"  et  I'assemblage  ne  prdsente 
pratiquement  aucune  rdsistance  mdcanique. 


Le  pas  de  soudage  ou  la  distance  entre  deux  points  de  soudure  consdcutifs  X doit  Itre  dgalement  confor- 
me  aux  spdcifications. 


Figure  25 


D'autres  defauts  internes  aux  points  de  soudure  peuvent  aussi  apparaltre  : fissures,  retassures,  poro- 
sitds,  point  "crachd"  (expulsion  de  metal  fondu)  ou  brflld. 

Tous  ces  ddfauts  peuvent  avoir  des  causes  extrSmement  diverses  parmi  lesquelles  : 

- des  defaillances  de  la  machine  h souder,  soit  dans  la  rdgulation  de  la  tension  de  soudage,  soit  dans 
le  comptage  du  temps  pendant  lequel  est  libdree  I’^nergie  de  soudage  ou  des  rates  d'allumage  du  con- 
tacteur  dlectronique,  soit  encore  des  variations  de  la  pression  qui  applique  la  ou  les  nolettes  de 

de  soudage  centre  les  ^l^ments  h assembler  ou  encore  des  vitesses  d'avance  des  molettes  de  soudage 
incorrectes,  etc  ... 

- I'^tat  de  surface  physico-chimique  des  dldments  h assembler, 

- I'h^terog^ndit^  des  41^ments  h assembler, 

- la  qualitd  des  Electrodes  quant  a leur  forme,  leur  duretE,  leur  gEomEtrie,  etc  ...  ; il  faut  entendre 
par  Electrodes  aussi  bien  les  molettes  de  soudage,  que  les  tables  ou  formes  et  les  ElEments  conducteurs 
intermEdiaires  et  aussi  le  fil  de  cuivre  qui  Equips  quelquefois  les  molettes  de  soudage  (figures  5 

a 10), 

- la  qualitE  des  contacts  Electriques,  psir  example  entre  les  ElEments  a assembler  et  la  table  ou  forme 
conductrice  ou  encore  entre  les  ElEments  k assembler  et  les  conducteurs  intermEdiaires, 

- des  dErivations  de  courant  intempestives, 

- etc  . . . 

Les  contrflles  des  soudures  par  rEsistance  habituols  sont  surtout  destructifs  ; ce  sent  par  exenple  des 
examens  macroscopiques  ou  macrographiques, des  essais  de  rEsistance  mEcanique  au  cisaillement  (traction  ou 
torsion),  des  essais  de  rEsistance  k I'arrachement  ou  "dEboutonnage"  ; tous  ces  contrflles  sont  pratiquEs  soit 
sur  des  Eprouvettes  reprEsentatives  de  I'assemblage  k rEaliser,  soit  par  prElkvement  de  quelques  pikees  dans 
un  lot  important  et  en  consEquence  ils  ne  peuvent  garantir  absolument  toutes  les  soudures  rEalisEes. 


2 


MO 


Le  contrOle  radiographlque  aux  rayons  X n'est  pas  destructiff  toutefois  11  est  souvent  d'une  odse  en 
oeuvre  difficile  et  d'une  interpretation  delicate  dans  le  cas  du  soudage  par  resistance  ; 11  pemet  de 
rdveier  la  plupart  des  ddfauts  internes  des  points  de  soudure,  nais  1' appreciation  des  dimensions  des  lingots 
fondus  n'est  generalement  pas  possible  et  moins  encore  celle  des  penetrations*  En  outre,  ce  type  de  contr^le 
est  obligatoirement  pratique  h posteriori,  et  souvent  pour  des  raisons  de  commodite  et  de  coQt,  longtempa 
apres  la  realisation  des  soudures  i dans  ce  cas,  les  mslfa^ons  eventuelles  peuvent  affecter  de  nombreui  en- 
sembles soudds  avant  qu'elles  ne  soient  detectees. 

II  exists  d'autres  methodes  de  contrfiles,  qui  peuvent  Stre  pratiquees  k posteriori,  qui  utllisent  des 
phenomenos  magnetiques  ou  les  propridtes  des  ultrasons,etc  •••  ; aucune  n'est  entierement  st^re  et  satisfai- 
sante. 

Le  procddd  de  contrCle  que  nous  avons  expdrimente  et  dvalud  et  qui  va  6tre  ddcrit  ci-apres,  permet  de 
ddtecter  les  ddfauts  de  soudure  de  faqon  non  destructive  et  inuaddiatement  aprds  chaque  operation  de  soudage, 
qui  nous  le  rappelons  se  succdde  h.  grande  cadence,  et  notamment  d'apprdcier  precisdment  les  volumes  dee  lin- 
gots  de  soudure. 

Dans  le  principe,  le  procddd  consiste  h restituer  sous  la  forme  d'une  image  visible  gradude  en  tempe- 
rature, les  radiations  infrarouges  emises  par  chaque  point  de  soudure  au  cours  de  son  refroidissement,  k un 
instant  prdcis  suivant  1' impulsion  dlectrique  qui  a provoqud  la  fusion. 

D:;ns  le  cas,  par  exemple,  du  soudage  d'une  structure  sandwich  k fime  ondulde  en  acier  inoxydable,  la 
tempdrature  de  fusion  de  1' acier  inoxydable  qui  est  d' environ  1450°  C determine  une  emission  infraroure  dont 
le  niveau  maximum  se  situe,  suivant  la  formule  de  Wien,  a une  longueur  d'onde  spectrale  : 

^max.  ~ T “ 1450+273 


(B  : constante  du  corps  noir,  T : temperature  en  " K du  corps  dmissif).  En  cours  de  refroidissement,  nous 
nous  interesserons  aux  temperatures  jusqu'a  200°  C qui  correspondent  h une  Emission  infraroure  dont  le  niveau 
maximum  se  situe  & la  lonpueur  d'onde  ; 


A 


max 


2898  ^ 6 pm. 

200  + 273 


Ces  deux  limites  nous  ont  permia  de  sdlectionner  le  ddtecteur  de  rayonnement  infrarouge  capable  de 
couvrir  I'ensemble  spectral  de  fagon  k realiser  I'examen  avec  le  maximum  de  ddtectivitd.  Le  ddtecteur  le  mie’ux 
approprid,  dans  ces  longueurs  d'ondes  correspond  k un  antimonlure  d' indium  (ln?b). 


La  figure  26  illustre  la  fa^on  dont  nous  avons  procedd,  par  exec^le  dans  les  cas  de  soudage  ddcrits  par 
les  figures  7 et  10  dans  une  vue  perpandiculaire  k celle  de  ces  figures.  La  molette  de  soudage  eat  portde  par 
une  t$te  de  soudage  qui  se  deplace  dans  le  sens  indiqud  par  la  fleche  F.  Pour  la  clartd  du  croquis,  le  fil 
et  le  transfornateur  de  soudage  ne  sont  pas  reprdsentds.  Les  points  de  soudure  rdpdrds  a,  b,  c,  d,  et  e ont 
ddja  dtd  rdalis-^s,  le  point  f est  en  cours  d'dlaboration,  le  point  e en  cours  d'examen.  La  restitution  des 
radiations  infrarouges  de  ce  point  de  soudure,  sous  la  forme  d'une  image  visible  se  fait  par  1* intermediaire 
de  la  camera  fix^e  sur  la  t$te  de  soudage  qui  capte  le  flux  infrarouge  par  une  optique  specials  et  le  focalise 
sur  le  ddtecteur  (inSb)  stabilisd  a I'azote  liquide.  A ce  niveau,  le  rayonnement  infrarouge  est  transforme  en 
signaux  electriques  qui  sont  envoyes  k une  unitd  de  visualisation  qui  assure  le  traitement  en  modulant  le 
faisceau  dlectronique  d'un  dcran  cathodique  sur  lequel  se  forme  I'image. 
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Cette  ima^e  eet  une  "carte"  de  nlveaux  de  temp^raturea,  qui  aous  r^aerve  d'un  ^talonnage  pr^alable 
peut  8tre  gradu^e  et  chaque  tone  iaotheriae  chiffr^e  en  temperature  abaolue. 

La  figure  27  reproduit  quelquea  reaultata  obtenua  h I'aide  d’une  camera  infrarouge  de  type  750  et 
d'un  moniteur  cathodique  couleura  de  type  CM  701  - 750  fabriquea  par  la  Gociete  ACA  AKTIEIOBAG  dana  lea 
conditions  de  soudage  et  d'obaervation  decrites  par  la  figure  26. 
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Figure  27 


La  figure  27b  eat  la  "carte"  d'iaothermes  obtenue  lorsque  lea  pointa  de  aoudure  aont  corrects,  c'eat- 
A-dire  conformes  aux  specifications  requisea.  Lea  autres  cartes  d'isothermes  aont  celles  relatives  a d'autres 
points  de  soudure  prdsentant  des  d^fauts  caract6ristiques . La  carte  27c  eat  celle  d 'un  point  de  soudure  fai- 
ble,  c'est-a-dire  que  les  dimensions  L,  1,  P1  et  P2  explicitees  par  la  figure  25  aont  inferieures  aux  di- 
mensions aouhaitdes.  Le  defaut  eat  parfaitement  detect^  par  la  suppression  des  zones  isothermes  jaune  corres- 
pondant  a la  temperature  T4  et  blanche  correspondant  a la  temperature  T5.  De  plus,  les  autres  zones  isothermes 
bleue  (T1),  rouge  (T2)  et  verte  (T5)  ont  des  formes  et  des  surfaces  modifiees  de  fagon  evidente  par  rapport 
a celles  relatives  k un  point  de  soudure  correct.  La  carte  d'isothermes  27d  est  celle  d'un  point  de  soudure 
dit  "colle",  c'est-h-dire  que  les  penetrations  PI  et  P2  sont  quasi-nulles  j dans  ce  cas  la  zone  isotherms  verte 
correspondant  & la  temperature  T3  a disparu  et  I'image  est  devenue  tres  petite.  La  carte  d'isothermes  27a  est 
celle  d'un  point  de  soudure  dit  "crache",  c'est-i-dire  que  I'energie  eiectrique  apportee  en  cours  de  soudage, 
ayant  ete  excessive  - compte  tenu  des  autres  parametres  de  soudage  - le  point  de  soudure  est  devenu  tres  gros 
et  a donn4  lieu  a une  expulsion  de  metal  fondu.  Dans  ce  cas,  les  modifications  des  zones  isothermes,  par  rap- 
port A un  point  de  soudure  correct,  sont  ^videntes. 


Le  figure  28  presents  la  comparaison  entre  I'image  thermique  d'un  point  de  soudure  r^alis^  avec  une 
impulsion  Eiectrique  de  duree  convenable,  h savoir  une  pEriode  soit  0,02  seconde  (28a)  et  un  point  de  soudure 
rEalisE  avec  une  impulsion  Eiectrique  de  durEe  diminuEe  de  moitiE  soit  0,01  seconde  (28b). 


La  29  illustre  comparativement  h line  imape  d’un  point  de  so'idure  correct  (?9a),  les  ima^'-c 

obtenues  lorsque  le  contact  dlectrique  entre  fim*-  ondulee  et  conducteur  interm^diair*-  eet  defect  .z  ' ) 

ou  lorsque  le  contact  entre  rev&temont  et  fim<'  ondulee  est  perturb^  f29c) 


Le  contrftle  de  la  quality  de  la  soudure  et  de  sa  concordance  exacte  avec  celle  prevue  par  les  speci- 
fications, se  fait  par  conparaison  de  la  '‘carte"  thermique  obtenue  pour  chaque  point  de  soudure  avec  une 
carte  4talon  de  reference. 

Cette  comparaison  peut  Stre  faite  visuellement  par  I'op^rateur  de  la  soudeuse  qui  est  capable  d'appre- 
cier,  sans  autre  aide,  les  defauts  les  plus  importants  tels  que  points  "colies"  ou  "crach^s",  sur  l*4cran 
cathodique. 

Pour  une  analyse  plus  fine,  I'observation  peut  $tre  facilit^e  par  1‘adjonction  entre  I'^cran  cathodique 
et  I'oeil  de  I'observateur,  de  I'image  de  la  carte  4talon  de  r^f^rence  trac^e  sur  un  support  transparent  du 
genre  rhodoTd  et  coloree  dans  les  teintes  complementaires  de  celles  qui  apparaissent  sur  I'^cran  TV  couleur. 
La  figure  30  represente  oette  disposition  dans  le  cas  de  cartes  ieothermes  semblables  a celle  de  la  figure 
27b.  Dans  le  cas  ou  la  carte  isotheroe  du  point  de  soudure  en  cours  de  contrftle  est  conforae  k celle  de  re- 
ference, 1?  composition  des  couleurs  qui  apparaissent  sur  le  tube  cathodique  et  qui  sent  v'ues  par  I'observa- 
teur  k travers  I'^cran  transparent  de  teintes  complementaires,  determinent  pour  1 'ohservateur  une  "carte" 
de  teinte  uniforme  de  couleur  brune,  comme  il  peut  $tre  vu  sur  I'exemple  de  la  figure  3la 
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Figure  30 


Par  centre,  dans  le  cas  oti  la  "carte"  isotherme  du  point  de  soudure  en  cours  de  contrftle  s'ecarte  de 
la  carte  de  r^f^rence,  I'attention  de  1 ' observateur  est  attiree  par  des  zones  fortenent  colonies  jaunes, 
vertes,  rouges,  bleues,  oranges,  violettes  qui  proviennent  soit  du  tube  cathodique  a travers  les  zones  non 
colonies  de  l'<5cran  intermediaire  et  les  zones  colonies  qui  ne  sent  pas  de  teintes  ecapl^mentaires,  soit 
de  I'ecran  intermediaire  dclaire  par  les  parties  blanches  du  tube  cathodique.  V figure  31b  fait  clairement 
comprendre  ce  ph^nomene  rdv4lateur  d'un  d^faut  de  soudure,  ou  les  lignes  de  contour  des  zones  isothermes 
sont  trac^es  on  trait  interrompu  pour  la  carte  de  rdf^rence  et  en  trait  continu  pour  la  carte  du  point  de 
soudure  en  cours  de  contrSle. 

La  comparaison  de  la  "carte"  thermique  d'un  point  de  soudure  avec  celle  dite  dtalon  d'un  point  de 
soudure  r4put4  correct,  qui  constitue  le  procedd  de  contrfile  de  la  quality  peut  aussi  fetre  faite  autoioati- 
quenent  par  un  appareillage  electronique.  A titre  d'exemple,  la  figure  33  d^crit  le  schema  de  fonctionnement 
d'un  appareillage  electronique  qui  permet  d'analyser  automatiquement  un  certain  nombre  de  parametres  gi^oa^- 
triques  d'une  ou  de  deux  ou  de  plusieurs  zones  isothermes  d4finies  de  chaque  point  de  soudure  r4alis4. 

Lt  fig"jre  32  explicite  a titre  d'exemple,  les  parametres  gdometriques  d'une  zone  isotherme  qui  sont 
surveilles  par  un  appareillage  de  type  ddcrit  par  la  figure  33.  Ces  parametres  sont  : la  longueur  Lo,  la 
largeur  La,  la  surface  S,  la  symdtrie  E2  - E1. 
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Le  schema  de  fonctionnement  de  la  figure  53  d^crit  I'appareillage  de  traitement  du  signal  vid^o,  qui 
peroet  la  surveillance  automatique  dea  parametres  prdcitds,  Dans  le  cas  d'anoaalie  d*uii  dee  parambtres, 
dont  les  lisites  infdrieure  et  supdrieure  sont  prdalableaient  affich^es  sur  une  baie  <^lectronique  de  coomande 
et  de  surveillance,  I'appareillage  provoque  I'arrfit  de  la  machine  k souder. 

En  conclusion,  bien  que  1’ ensemble  des  posaibllitds  de  contrdle  de  la  quality  de  soudures  par  x^sis- 
tance  par  ce  procddd  thermographique  infrarouge  n*ait  pas  dtd  encore  totalement  explore,  les  rdsultats  que 
nous  avons  obtenus  dont  quelques  uns  ont  4t4  pr^sent^s  ici  ddmontrent  les  perspectives  de  cette  n/thode. 

Elle  semble  particulibrement  bien  adaptde  dans  le  cas  de  soudages  rdp^titifs  h grande  cadence,  ce  qui  est 
le  cas  de  l*assemblage  d*un  matdriau  sandvrich  b dse  ondulde,  du  fait  qu’elle  peut  fetre  entibrement  automa- 
tisms, de  plus  elle  n*est  pas  destructive,  et  est  mise  en  oeuvre  en  cours  de  fabrication  et  assure  done  un 
auto-contrdle  irnmmdiat. 


Le  matrnriau  sandwich  omtallique  b fine  onduime  soudm  NORSIAL  ddveloppm  par  la  Socimtm  Nationale 
AEROSPATIALE  (France)  fait  I’objet  de  recherchea  continuelles  en  vue  de  son  am4lioration  et  de  I’miargissement 
de  son  champ  d*application.  Au  cours  de  certains  de  ces  travaux,  deux  techniques  ont  4t4  expdrimentmes  et 
evalumes  ; une  procedure  de  traitement  thermique  pratiqu^e  post^rieurement  au  soudage  par  resistance  permet 
dans  certains  cas  des  ammiiorations  trbs  sensibles  des  caractmristiques  de  resistance  mdeanique  et  notamnent 
en  fatigue  ; un  proeddd  de  contrftle  par  thermographie  infrarouge,  sensible,  fiable,  d'un  emploi  commode,  au- 
tomatisable,  non  destructif,  pratiqud  en  cours  de  fabrication  et  d*un  colit  modeste,  autorise  la  garantie 
certaine  de  la  qualitd  des  assemblages  par  rdsiatance. 


Bien  que  ces  deux  techniques  aient  dtd  relatdes  dans  cet  exposd  dans  le  cadre  particuller  d*uD  natdrlau 
sandwich  pour  lequel  nous  avons  proeddd  k nos  evaluations,  il  nous  semble  qu*elles  peuvent  fetre  auasi  mises 
en  oeuvre,  moyennant  quelques  adaptations,  pour  toutes  sortes  de  structures  souddes. 


f 
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Improvements  in  meehamcal  strength  charaeteristies  by 
relaxation-UilTiision  heat  treatment 


Method  of  quality  control  of  spot  welds  by  infra-red 
thermography 

by  S.Dzalba-Lyndis 

Societe  Nationale  Industrielle  Aerospatiale  1 

Division  des  Engins  Tactiques  I 

92320,  Chatillon-soiis-Bagneux,  France  j 

I 

SUMMARY  j 

I 


Because  of  their  qualities  of  lightness  and  rigidity  it  is  not  necessary  to  have  to  prove  the  value 
of  sandwich  structures.  For  use  at  moderate  and  very  high  temperatures  these  products  have 
necessarily  to  be  of  metal,  assembled  by  brazing  or  welding. 

In  France,  during  the  development  of  a sandwich  material  with  a spot-resistance-welded 
corrugated  core,  produced  commercially  under  the  name  NORSIAL.  two  particular  techniques 
were  tried  and  evaluated.  These  techniques  can  be  used  for  all  other  types  of  welded  structures. 

The  first  technique,  when  titanium  or  titanium  alloys  are  used,  consists  in  subjecting  the 
material,  previously  spot  welded  by  the  resistance  method,  to  a heat  treatment  in  vacuo,  which 
ensures: 

metallurgical  homogeneity  between  the  base  metal  and  the  zones  affected  by  the  welding, 
relaxation  of  the  welding  stresses, 

an  increase  in  the  bonding  areas  by  solid  state  diffusion,  under  the  “hammered”  welding 
forces  only. 

This  process  leads  to  considerable  improvement  in  the  fatigue  and  static  mechanical  strength 
of  the  material. 

The  second  technique  is  a method  of  quality  control  of  welds  during  manufacture. 

It  consists  in  observing  the  surface  of  the  material  a brief  moment  after  the  formation  of  a 
weld  point  by  the  use  of  an  infra-red  camera,  associated  with  a TV  monitor. 

The  thermal  “signature”  of  a weld  point  is  closely  related  to  its  quality. 

The  control  can  be  effected  visually  by  the  operator  or  automatically  by  electronic  devices. 

INTRODUCTION 

The  use  of  sandwich  structures  in  aerospace  applications  has  been  general  practice  since  the  early  days  of  aviation. 
These  structures  in  fact  enable  the  two  apparently  contradictory  qualities  required,  LIGHTNESS  and  RIGIDITY,  to  be 
reconciled,  together  with  other  essentials. 

Generally,  a light  core  is  used  to  assemble  the  relatively  thin  sheets,  at  an  appreciable  distance  from  each  other, 
thus  providing  a panel  structure  with  considerable  rigidity,  greater  than  it  would  have  it  the  materials  were  combined 
into  a homogeneous  plate.  This  mechanical  property,  advantageous  from  the  weight  viewpoint,  for  elements  loaded 
in  compression  or  bending,  leads  to  the  concept  of  lighter,  less  bulky  and  simpler  structural  assemblies  by  the  reduction 
or  even  elimination  of  the  frames,  ribs,  stiffeners,  usually  necessary  to  prevent  buckling  under  load. 

For  use  at  low  or  moderate  temperatures  numerous  products  are  available  in  various  lortns.  usually  assembled  by 
adhesive  bonding,  the  most  common  of  which  hasa  honeycomb  core  of  organic  material  (paper,  polyamide,  etc.)  or 
metal  (mainly  aluminium  alloys). 

For  applications  at  higher  temperatures  the  use  of  metals  with  better  hot  strength  is  necessary  and  assembly  by 
welding  or  brazing  is  necessary. 

The  ".se  of  such  materials  is  justified  especially  in  structures  of  aircraft  or  missiles  moving  at  great  speed  and  in 
propulsion  unit  structures. 
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1 hrDuglioul  the  world  only  some  products  result  in  truly  industrial  manuraetures.  The  various  modes  of  construc- 
tion are  just  as  varied  as  the  assembly  techniques  weldinj;,  bra/.ing.  welding-brazing.  The  constituent  metals  are  very 
diverse;  the  most  common  are: 

stainless  steels  (AISl  Series  300), 

precipitation  hardening  structural  steels, 

titanium  and  titanium  alloys  IT  A6V4,  T AdVd.S,...). 

the  nickel  based  refractory  superalloys  ( INC'O  625  and  718,  llastelloy  Waspalloy,  Rene  41 
the  cobalt  based  refractory  superalloys  (Haynes  25  and  188,...). 


PRtSENTATION  OF  THE  MATERIAL 


In  France  the  nationalised  company  Aerospatiale  has  developed  a sandwich  material  with  welded  corrugated  core, 
called  NORSIAL.  This  is  a sandwich  structure  formed  of  corrugated  sheets  assembled  together  to  form  a core  and  smooth 
or  "skin”  sheets  containing  the  core.  Numerous  arrangements  however  are  possible  for  the  usual  structures,  the  most 
commonly  adopted  variants  being: 

the  semi-sandwich,  made  up  of  one  skin  and  a corrugated  core  (Fig.  1), 

the  single  corrugated  sandwich  made  up  of  two  skins  enclosing  one  corrugated  sheet  ( Fig. 2 ), 

- the  double  corrugated  sandwich,  made  up  of  the  same  two  skins,  but  with  a double  corrugated  core  (Fig.3), 
the  multi-layer  sandwich  (Fig.4). 


Figure  1 


Figure  2 


double  ondule  - deux  peoux 
double  corrugated  core  - two  skins 

Figure  3 


sandwich  mullicouche 
mullicore  sandwich 

Figure  4 


After  preparation  of  the  corrugated  layers  the  assembly  of  the  elements  forming  the  sandwich  is  generally  by  using 
roller  electrodes  in  spot  welding  or  seam  welding  with  or  without  the  interposition  of  rigid  conductors. 

Very  many  practical  solutions  arc  possible  for  this  welding,  we  illustrate  below  a few  of  these: 

f'ig.S:  Welding  a skin  between  two  rolls,  one  with  wire,  placed  on  cither  .side  of  the  sandwich  structure. 

Fig. 6:  Welding  a skin  on  a conducting  table  with  two  parallel  rolls  with  wires. 

Fig. 7:  Welding  a skin  on  a conducting  table  with  one  roll  with  wire. 

Fig. 8:  Welding  a second  skin  between  two  rolls  placed  on  either  side  of  the  sandwich  structure,  with  inter- 
position of  a conducting  mandrel, 

Fig. 9:  Welding  a second  skin  on  a conducting  table  or  form  with  two  parallel  rolls  and  conducting  mandrels. 
Fig.  10:  Welding  a second  skin  on  a conducting  table  or  form  with  a single  roll  and  conducting  mandrel. 
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Machine  d souder  circulaire 
Circular  welding  machine 
Figure  13 


Some  exumples  of  coiistriietioii  using  this  technology  of  welded  sandwich  are  presented  in  I'igiires  1 4 to  17. 

1 ig.  14:  Front  interstage  skirt  of  the  French  second  stage  C'OKALIF  of  the  Liiropean  space  laiinclier  F.UKOI’A. 
Fig.  15:  Rear  skirt  of  the  second  stage  of  the  1)1  AM  AM  space  launcher, 

Fig.lCi:  Missile  stabilisers. 

Fig.  1 7:  Fngine  cowl  of  the  military  transport  aircraft  TRANSALL, 


Jupe  inlerelage  EUROPA 
Intarsfagn  skirl  lor  EUROPA 
Figure  14 


Empennages  d'engin 
Missile  stabilisers 
Figure  16 


Jupe  inlerelage  DIAMANT 
Interstage  skirl  lor  DIAMANT 

Figure  15 


Capol  moleur  de  I 'avion  TRANSALL 
Engine  cowl  lor  TRANSALL  aircrall 

Figure  17 


IMPROVEMENTS  OF  THE  MECHANICAL  CHARACTERISTICS  BY  RELAXATION-OIEELSION 
HEAT  TREATMENT 
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Even  if  resistance  welding  is  generally  a means  of  assembly  enabling  good  i|ualjly  parts  to  be  obtained,  sometimes 
the  metals  used  and  especially  most  of  the  metals  of  high  mechanical  quality  are  not  well  suited  to  this  method  ol 
bonding.  This  is  particularly  so  for  titanium  alloys,  whose  mediocre  behaviour,  notahlv  m latigue  strength,  in  spot 
welded  structures,  is  well  known.  This  disadvantage  arises  from  metallurgical  etlects.  due  to  weld  spots,  which  result 
especially  in  an  embrittlement  of  the  periphery  of  weld  nuggets. 

On  the  other  hand,  the  excellent  behaviour  of  the.se  same  assemblies  is  well  know  n when  tlies  have  been  d illusion 
welded.  It  thus  naturally  comes  to  mind  to  try  to  achieve  the  assembly  ol  constilueiil  eleineiits  ol  the  saiidwieh  nialerial 
described  above  direct  by  diffusion  welding.  Unfortunately,  even  if  it  is  possible  to  ap;  l>  this  ivpe  ol  welding  easily  to 
massive  parts  and  even  to  obtain  sandwich  samples  of  small  dimensions  with  laboratory  equipiiient.  industrial  solutions 
offer  no  guarantee  of  adequate  quality,  or  require  research  and  production  investineiils  ot  a prohibitive  extent 

Therefore  we  thougllt  it  would  be  useful  to  improve  the  bonds  of  the  titaimim  alloy  sandwich  material  by  eonibiiiing 
spot  welding  with  rollers,  as  commonly  practiced,  with  diffusion  welding.  1 he  techique  consists  in  subjecting  the  linished 
sandwich  structures,  previously  assembled  by  resistance  welding,  to  heat  treatment  in  vacuo  (or  under  a protective 
atmosphere).  The  pressure  necessary  for  solid  state  diffusion  around  the  resistance  welded  nuggets  loi/icv  vo/c/i  Jrijiii  r/ic 
“hammering’’ effect  within  these  nuggets,  without  any  other  au.xiliary  pressure  device. 

The  photomicrographs  of  Figures  18  to  21  allow  a comparison  of  the  metallurgical  state  ot  the  assemblies  Ironi  a 
cladding  "skin”  with  a corrugated  core  of  titanium  alloy  TA6V4,  between  two  resistance  welded  specimens 

— Figs  18  and  19:  Untreated  resistance  welding, 

— Fig. 20:  After  treatment  of  2 hours  at  850°C'  in  vacuo. 

Fig.21 : After  treatment  for  2 hours  at  950°C  in  vacuo. 


Brut  de  soudagu  par  resistance 
Alter  resistance  spot -welding  operation 


Figure  18 


The  Figures  18  and  19,  relating  to  an  "untreated  weld"  state,  show  distinctly  the  various  main  /ones: 

the  weld  nugget  proper,  with  a strongly  dendritic  structure. 

the  peripheral  zones  of  the  weld  nugget  thermally  affected  by  welding. 

the  intermediate  zone  between  the  weld  spots  showing  a rolling  structure  iiilierenl  in  these  thin  foils. 

It  is  found  that  the  heat  treatment  produces  a progressive  metallurgical  uniformity  of  the  actual  weld  nugget,  ol 
the  zone  affected  by  the  heat  of  resistance  welding  and  of  the  unaffected  metal.  Moreover,  the  activation  energy  produced 
by  the  high  temperature  results  in  sufficient  mobility  for  the  atoms  to  cross  the  joint  plane  separating  the  cladding  from 
the  core.  The  skin/eore  junction  benefits  from  coalescence  and  the  appearance  of  metal  grains  instead  of  the  original 
interface;  the  bonding  areas  are  considerably  increased  and  the  notches  at  the  ends  ol  the  veld  nuggets  are  eliminated 
(their  location  in  a brittle  zone  had  a deterioratory  effect  on  the  mechanical  strength,  especially  in  fatigue). 


N»»n  o«^U 
C»rru9m*€4  <••• 


Fi9«r«  20- A^*i  4%  2 l»«wr«>  m 850*C~Alt*r  h»ol>  lrMlm«nl  l«r  2 Ko«»fs  ol  850*  C 


It  is  also  found  that  as  from  850°C'  the  original  rolling  structure  becomes  less  and  as  from  950°C 
annealed  structure  becomes  general. 


Series  ol  low-load  microhardness  tests  (Fig.22)  confirm  that  after  heat  treatments  in  vacuo  we  have  an  annealing 
recrystallised  structure  conferring: 

homogeneity  between  the  base  metal  and  the  zones  heat  affected  by  the  resistance  welding  and  notably  a 
softening  of  the  cortical  zones  of  the  weld  nuggets,  originally  hard  and  brittle, 
release  of  the  stresses  arising  from  the  welding. 


Brul  de  soudage  par  resistance 
Alter  resistance  spot-welding  c 


Durete 


Apres  traitement  de  2 heures  d 950  C 
Alter  heat  - treatment  lor  2 hours  ot  950°C 


Apres  traitement  de  2 heures  d 850°C 
Aljt^  Jieaf_-  treatment ior  2 hours  at  850°C 


Other  qualification  tests,  currently  used  in  production,  have  been  undertaken.  1 hey  consist  in  measuring  the 
resistance  to  bursting  under  internal  hydraulic  pressure.  I hese  tests  have  been  made  on  sandwich  test  pieces  with  a 
single  corrugated  layer,  of  titanium  alloy  TA6V4  (Fig.2): 
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untreated  resistance  welding, 
treated  in  vacuo  2 hours  at  850°C', 
ti^ated  in  vacuo  2 hours  at  ‘>00°C’, 
treated  in  vacuo  2 hours  at  d50°C. 

The  internal  bursting  pressure  depends,  other  things  being  equal,  on  the  bonding  area  between  the  corrugation  and 
the  skins.  It  is  obvious  that  if  the  area  increases  the  bursting  pressure  will  also.  However,  the  welding  nuggets  are  not 
stresses,  only  in  pure  traction,  but  rather  are  subjected  to  combined  forces  and  this  mode  of  stress  is  not  easily  withstood 
by  brittle  bonds. 

This  test  can  therefore  give  information  on  the  change  in  the  assembly  from  two  aspects: 

increase  in  bonding  areas, 

degree  of  embrittlement  of  the  assembly. 

The  following  table  recapitulates  the  bursting  pressures  of  various  test-pieces  and  shows  the  improvements  made 
by  post-welding  heat  treatment: 


Test-pieces 

Untreated 

welds 

Treated 

2 hours  under  10  ^ torr 

850°C 

900°C 

95U°C 

80 

141 

180 

1 St  series 

Bursting 

85 

1 19 

200 

prej  lire 

48 

140 

(ba,j) 

2nd  series 

142 

50 

144 

Another  type  of  comparative  test  has  also  been  made.  It  corresponds  to  a general  stressing  very  close  to  the  real 
conditions  of  use.  It  comprises  repeated  bending-shearing  stressing  of  a beam  under  a central  load. 

Figure  23  presents  the  Wohler  fatigue  strength  curves  for  alternating  bending-shearing  stress,  respectively  for 
untreated  titanium  TA6V4  resistance  welded  specimens  and  those  treated  in  vacuo  for  2 hours  at  900°C. 

The  value  of  this  heat  treatment  is  obvious;  it  increases  by  50%  to  90%  the  fatigue  strength  limits  in  the  range  10* 
to  10’  cycles.  These  improvements  are  largely  attributable  to  the  elimination  by  diffusion  bonding  of  the  notch  effect 
at  the  ends  of  the  resistance-welded  nuggets. 


F 


Figure  23 
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An  application  on  engine  scale,  I'inanced  by  the  Direction  cles  Recherches  et  Moyens  tl’Lssais  (I  rance)  has  been 
made  on  a reheat  duct  SNhCMA/M53,  which  underwent  bench  trials  with  success  (l-ig.24). 


Canal  de  rechauHe  de  moleur  SNECMA/M53 
Post- combutlion  duel  for  SNECMA/M  53  engine 
Figure  24 

In  conclusion,  the  technique  consisting  in  the  heat  treatment  of  the  NORSIAL  titanium  alloy  sandwich  material, 
firstly  spot  resistance  welded  with  rolls,  for  example  for  2 hours  in  vacuo  at  900“C  in  the  case  of  alloy  TA6V4,  offers 
very  great  indisputable  advantages,  as  to  the  mechanical  strength  properties  of  the  material,  both  in  static  and  fatigue 
stress.  These  improvements  are  due  to: 

metallurgical  homogeneity  between  the  base  metal  and  the  zones  heat  affected  by  the  resistance  welding, 
a relaxation  of  stresses  arising  from  the  welding. 

an  increase  in  the  bonding  areas  of  the  claddings  and  corrugated  cores  by  solid  state  diffusion,  under  the 
"hammering”  forces  of  welding  only,  and  reducing  the  notch  effects  at  interfaces. 

This  technique  and  its  beneficial  results  have  been  described  in  this  paper  in  the  case  of  application  to  a particular 
sandwich  material.  It  seems  evident  that  it  can  be  used  for  all  sorts  of  welded  structures. 

METHOD  OF  QUALITY  CONTROL  OF  WELDS  BY  INFRA-RED  THERMOGRAPHY 

The  inspection  of  the  assembling  of  sandwich  materials  is  always  a difficult  problem,  whether  the  materials  are 
adhesive  bonded,  brazed,  or  welded.  But  in  particular  when  the  sandwich  material  is  assembled  by  welding  its  non- 
destructive inspection  is  a problem,  to  which  up  to  now  there  has  been  no  entirely  satisfactory  solution.  This  lack  is 
especially  felt  in  the  aerospace  industry,  which  requires,  for  obvious  reasons  of  safety,  formal  assurances  as  to  the 
quality  of  the  assemblies  made. 

The  defects  in  resistance  welded  spots  in  general  and  also  those  in  welded  corrugated-core  sandwich  structures 
can  be  of  various  types.  One  of  the  most  serious  is  the  non-conformity  of  the  dimensions  of  the  weld  nuggets  to  those 
expected.  The  length  L , the  width  /,  may  be  less  than  (or  greater  than)  specified,  the  penetrations  P,  and  may 
be  different  from  those  desired  (Fig.25).  When  one  of  them  is  about  zero  the  point  is  said  to  be  “stuck”  and  the 
assembly  has  practically  no  mechanical  strength. 


</  ! V 


Figur*  25 


7-25 


1 he  welding  piteh  or  interval  between  two  eonseeutive  weld  points  X has  also  to  eonlorni  to  the  speeifieations. 

Other  internal  defects  at  weld  points  ean  appear:  eraeks,  shrinkage  holes,  porosity,  "spitting”  point  (expulsion  of 
molten  metal)  or  burning. 

All  these  defects  ean  arise  from  extremely  diverse  causes,  such  as: 

welding  machine  faults,  either  in  the  timing  of  the  free  welding  energy  or  ignition  failures  of  the  electronic 
switching,  or  again  variations  in  the  pressure  of  application  of  the  welding  rolls  against  the  elements  to  he 
welded,  or  incorrect  rate  of  advance  of  the  rolls,  etc., 

physico-chemical  condition  of  the  surface  of  the  elements  to  be  assembled, 
non-uniformity  of  the  elements  to  be  assembled, 

the  quality  of  tlie  electrodes  as  regards  their  shape,  hardness,  geomeLry,  etc.,  by  electrodes  is  to  be  understood 
also  the  rolls,  the  tables  or  forms  and  the  intermediate  conducting  elements  and  even  the  copper  wire  sometimes 
fitted  to  the  welding  rolls  (['igures  5 to  10), 

the  quality  of  electrical  contacts,  for  example  between  the  elements  to  be  assembled  or  again  between  the 
elements  and  the  intermediate  conductors, 
shunting  of  current  prematurely,  etc. 

The  usual  checks  of  resistance  welds  are  predominantly  destructive  ones,  for  example  micro-  or  macrographic 
examinations  of  sections,  tests  of  mechanical  strength  in  shear  (traction  or  torsion),  snatch  strength  tests  or  "unbuttoning”. 
All  these  tests  are  made  on  representative  samples  of  the  assembly  to  be  made,  or  by  sampling  some  items  in  a large  batch, 
therefore  they  cannot  absolutely  guarantee  all  the  welds  made. 

Radiographic  inspection  by  X-rays  is  not  destructive,  however  it  is  often  difficult  to  apply  and  not  easy  to  interpret 
in  the  ease  of  resistance  welding.  It  enables  most  of  the  internal  defects  of  weld  spots  to  be  revealed  but  the  assessment 
of  the  dimensions  of  fused  nuggets  is  generally  not  possible  and  that  of  penetration  even  less  so.  .Vioreover,  this  t)  pe  of 
check  is  necessarily  made  a posteriori  and  often,  for  rea.soiis  of  convenience  or  cost,  long  after  the  making  of  the  welds. 

In  this  case  malpractices  can  affect  numerous  assemblies  before  they  can  be  detected. 

There  are  other  methods  of  inspection  which  can  be  applied  a posteriori,  which  use  magnetic  or  ultrasonic 
phenomena,  etc.  None  is  entirely  certain  or  satisfactory. 

Die  test  procedure  which  we  have  tried  and  evaluated  and  which  we  are  going  to  describe  enables  weld  defects  to 
be  detected  non-destructively  and  immediately  after  each  welding  operation,  which,  we  note,  proceeds  at  a high  rate, 
and,  notably,  to  assess  exactly  the  volumes  of  welding  nuggets. 

In  principle,  the  method  consists  of  reconstituting,  in  the  form  of  a temperature  graded  visible  image,  the  infra-red 
radiations  emitted  by  each  weld  spot  during  its  cooling,  at  an  exact  instant  after  the  electrical  pulse  making  the  weld. 

For  example,  in  the  case  of  the  welding  of  a sandwich  structure  with  a stainless  steel  corrugated  core,  the  melting 
temperature  of  the  stainless  steel,  which  is  about  1450°C  determines  an  infra-red  emission  whose  maximum  value  places 
it,  by  Wien’s  formula,  at  a wavelength:  = 2898/(  1450  + 273)  = 1.7pm  approx.  (B:  constant  of  the  black 

body,  T:  temperature  in  °K  of  the  emitting  body).  During  cooling  we  are  interested  in  the  temperatures  to  200°C. 
which  correspond  to  an  IR  emission  whose  maximum  level  is  at  the  wavelength  Xmax  ~ 2898/(200  -f  273)  = 6pm 
approx. 

These  two  limits  have  enabled  us  to  select  the  IR  radiation  detector  capable  of  covering  the  whole  spectrum  so  as 
to  achieve  the  examination  with  the  maximum  detection  power.  The  most  suitable  detector  in  these  wavelengths 
corresponds  to  an  indium  antimonide  (InSb). 

Figure  26  shows  the  way  we  have  proceeded  in  the  case  of  the  welding  described  by  Figures  7 and  10.  in  a view 
perpendicular  to  that  of  these  figures.  Die  welding  roller  is  carried  by  a welding  head,  which  moves  in  the  direction 
shown  by  the  arrow  F . For  clarity  the  wire  and  the  welding  transformer  are  not  shown.  The  weld  spots  marked 
a,  b.  c,  d.  and  e have  already  been  made,  f is  in  course  of  forming,  the  spot  e is  being  examined.  The  reconstitution  of 
the  infra-red  radiation  from  this  weld  spot  in  the  form  of  a visible  image  is  made  by  the  cine-camera  fixed  on  the  welding 
head,  which  picks  up  the  infra-red  flux  with  a special  lens  and  focusses  it  on  to  the  detector  (InSb),  stabilised  with  liquid 
nitrogen.  At  this  stage  the  IR  radiation  is  tranformed  into  electrical  signals  which  are  sent  to  a display  unit  which 
provides  the  processing  by  modulating  the  electron  beam  from  a cathode  screen  on  which  the  image  is  formed. 

This  image  is  a “map”  of  the  temperature  levels,  which,  subject  to  prior  calibration,  can  be  graduated  and  each 
isothermal  zone  given  an  absolute  temperature. 
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Figure  26 


Figure  27b  shows  some  results  obtained  with  a type  750  IR  camera  and  a cathode  colour  monitor,  type  CM  701-750. 
made  by  AGA  AKTIELOBAG,  in  the  welding  and  observation  conditions  described  by  Figure  26. 
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Figure  27 


Figure  27b  is  the  isothermal  “map”  obtained  when  the  weld  spots  are  correct,  i.e.  conform  to  the  required 
specifications.  The  other  isothermal  maps  are  those  of  weld  spots  having  characteristic  faults.  Figure  27c  is  that  of  a 
weak  weld  spot,  that  is,  having  dimensions  L,/  and  P,  and  Pj  , explained  by  Figure  25,  which  are  below  the 
required  dimensions.  The  defect  is  perfectly  detected  by  the  elimination  of  the  yellow  isotherm  zones  corresponding 
to  the  temperature  T^  and  white  corresponding  to  Tj  . Moreover,  the  other  isothermal  zones,  blue  (T,),  red  (Tj) 
and  green  (Tj)  have  shapes  and  areas  obviously  changed  compared  with  those  of  a correct  weld.  The  isothermal  map 
27d  is  that  of  a “stuck”  weld  spot,  that  is  the  penetrations  P,  and  Pj  are  practically  nil.  In  this  case  the  isothermal 
zone  green,  corresponding  to  temperature  Tj  has  disappeared  and  the  image  has  become  very  small.  The  isothermal 
map  27a  is  that  of  a “spluttered”  weld  point,  that  is  the  electrical  energy  during  welding  having  been  excessive  in 
view  of  the  other  welding  parameters  the  weld  spot  has  become  very  large  and  molten  metal  has  been  expelled. 

In  this  case  the  changes  of  the  isothermal  zones,  compared  with  those  for  a correct  point,  are  obvious. 
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l igiire  2d  shows,  as  comparisons  with  the  image  ol  a correct  spot  weld,  the  images  obtained  when  the  elecirkal 
contact  between  the  corrugated  core  and  intermediate  conductor  is  detective  l2dbl  or  when  that  between  the  core  and 
the  cladding  is  disturbed  (2dc). 


The  check  of  the  (.]uality  of  the  weld  and  of  its  conformity  with  that  required  by  the  specifications  is  made  by 
comparison  of  the  thermal  "map"  obtained  for  each  weld  spot  with  a standard  rcTerence  map. 

This  comparison  can  be  made  visually  by  the  operator  of  the  welding  machine,  who  is  capable  of  assessing  without 
any  other  aid  the  most  important  defects  such  as  "sputtered"  or  "stuck"  spots,  on  the  C R screen. 

bor  a closer  analysis,  observation  can  be  facilitated  by  the  addition  between  the  screen  and  the  observer’s  eye  ol 
the  image  of  the  standard  reference  map  traced  on  a transparent  support  of  plastic  and  coloured  in  the  colours  comple- 
mentary to  those  which  appear  oti  the  colour  TV  screen.  Figure  30  shows  this  arrangement  in  the  case  ot  isothermal 
maps  similar  to  that  of  Figure  27b.  In  the  case  where  the  isothermap  map  of  the  weld  spot  being  checked  conforms 
to  the  standard,  the  composition  of  the  colours  which  appear  on  the  cathode  screen  and  which  are  seen  by  the 
observer,  through  the  complementary  coloured  transparent  screen,  lorm  lor  the  observer  a "map  ol  unilorm  brown 
colour,  as  can  be  seen  on  the  example  of  Figure  31a. 

On  the  other  hand,  in  the  case  where  the  isothermal  "map”  of  the  spot  being  examined  differs  from  that  of  the 
standard,  the  attentton  of  the  observer  is  aroused  by  /.ones  strongly  coloured  yellow . green,  red.  blue,  orange,  violet, 
which  come  either  from  the  cathode  tube  through  the  uticoloured  /ones  of  the  intermediate  screen  and  the  coloured 
/ones  which  are  not  of  complementary  colours,  or  from  the  intermediate  screen  illutnitiated  by  the  white  parts  of  the 
cathode  tube.  Figure  31b  shows  clearly  this  revealing  phenomenon,  for  a defective  weld,  where  the  contour  lines  for 
the  isothermal  /ones  are  shown  broken  for  the  reference  map  and  continuous  for  the  map  of  the  point  being  inspected 
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The  comparison  of  the  thermal  “map”  of  a weld  point  with  that  of  the  standard  of  a reputedly  correct  weld,  which 
constitutes  the  quality  control  procedure,  can  also  be  made  automatically  by  electronic  equipment.  As  an  example. 
Figure  33  outlines  the  working  of  an  electronic  equipment  which  enables  the  automatic  analysis  of  a number  of 
geometric  parameters  of  one  or  two  or  more  defined  isothermal  zones  of  each  weld  spot  made. 

Figure  32  explains,  as  an  example,  the  geometric  parameters  which  are  monitored  for  an  isothermal  zone  by  equip- 
ment of  the  type  described  by  Figure  33,  These  parameters  are;  the  length  Lg  , the  width  , the  area  S , the 
symmetry  F.^  F,. 


r 
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The  working  diagram  of  Figure  33  describes  the  equipment  for  processing  the  video  signal  which  enables  automatic 
monitoring  of  the  above  parameters.  In  the  case  of  any  anomaly  in  one  of  the  parameters,  whose  upper  and  lower 
tolerances  are  previously  set  on  an  electronic  control  and  monitoring  bay,  the  equipment  arranges  for  the  welding 
machine  to  stop. 

In  conclusion,  althougli  all  the  possibilities  of  quality  control  of  resistance  welds  by  an  infra-red  thermographic 
method  have  not  yet  been  fully  explored,  the  results  we  have  obtained,  some  of  which  have  been  presented  here, 
demonstrate  the  future  prospects  for  this  method.  It  seems  particularly  well  suited  to  repetitive  welding  at  a high  rate, 
which  is  the  case  for  assembling  corrugated  core  sandwich  material,  because  it  can  be  fully  automated  and,  moreover, 
is  non-destructive  and  applied  during  fabrication  provides  immediate  auto-checking. 


CONCLUSIONS 

The  metal  sandwich  material  with  welded  corrugated  core  called  NORSIAL,  developed  by  Aerospatiale  S,N, 
(France)  is  the  object  of  continuing  research  aimed  at  its  improvement  and  e.xtension  of  its  field  of  application.  During 
some  of  this  work  two  techniques  have  been  tried  and  evaluated:  a heat  treatment  procedure  applied  after  resistance 
welding  has,  in  some  cases,  enabled  the  mechanical  strength  characteristics  to  be  appreciably  improved,  especially  in 
fatigue;  an  infra-red  thermographic  control  method,  sensitive,  reliable,  convenient,  capable  of  being  automated,  non- 
destructive, used  during  fabrication  and  of  quite  reasonable  cost,  enables  the  quality  of  the  resistance  welding  to  be 
guaranteed. 

Although  these  two  techniques  have  been  described  in  this  paper  within  the  special  context  of  a sandwich  material, 
for  which  we  have  carried  out  our  evaluations,  we  think  that  they  can  also  be  applied,  with  some  modifications,  to  any 
other  welded  structures. 


Figure  33  overleaf 


7-30 


Fi 


igure 


33 


J 


— ^ 

Advanced  Manufacturing  Techn  .gues  in  Joining 

of  Aerospace  Materials 


N77-11405 

Research  on  Adhesive  Bonding  and  Surface  Characteristics  of  Metals  at  Fokker-VFW 
R.J.  Schliekelmann 

Royal  Netherlands  Aircraft  Factories  Fokker,  Schiphol-Oost . (R6076375) , 18  p. 


A77-17725 

Technology  of  Manufacturing  Aircraft  Honeycomb  Structures  /2nd  Revised  and  Enlarged 
Edition/  - Russian  book 

V.E.  Bersudskii,  V.N.  Krysin,  S.I.  Lesnykh 

Moscow,  Izdatel  : stvo  Mashinostroenie , 1975,  296  p.  In  Russian,  296  p.  51  refs. 


A77-15508 

Advanced  Joining  Processes  - CW  Laser  Welding,  Titanium  Brazing  and  Plasma  Arc  Welding 
F.R.  Miller 

SAMPE  Quarterly,  vol.  8,  Oct.  1976,  p.  46-54.  AA  (USAF,  Materials  Laboratory,  Wright- 
Patterson  AFB,  Ohio)  9 p.,  6 refs. 


A77-15335 

Development  and  Testing  under  Static  Conditions  of  a B-Al  Load  Transfer  Element  - Air- 
craft Applications 
R.  Guenther,  W.  Hartmann 

In:  International  Conference  on  Composite  Materials,  Geneva,  Switzerland,  April  7-11, 
1975  and  Boston,  Mass.,  April  14-18,  1975,  Proceedings.  Vol.  2.  New  York,  Metallurgical 
Society  of  AIME,  1976,  p.  993-1018.  Research  sponsored  by  the  Bundesminister ium  der  Ver- 
teidigung.  AB  (Messerschmitt-Bolkow-Blohm  GmbH,  Ottobrunn,  West  Germany)  26  p. 


A77-15328 

Roll  Diffusion  Bonding  of  Boron  Aluminum  Composites 
G.S.  Doble,  I.J.  Toth 

In:  International  Conference  on  Composite  Materials,  Geneva,  Switzerland,  April  7-11, 
1975  and  Boston,  Mass.,  April  14-18,  1975,  Proceedings.  Vol.  2.  New  York,  Metallurgical 
Society  of  AIME,  1976,  p.  775-788.  AB  (TRW,  Inc.,  Cleveland,  Ohio)  14  p. 


A77-13735 

Effect  of  Surface  Exposure  Time  on  Bonding  of  Commercially  Pure  Titanium  Alloy 

M.C.  Ross,  R.F.  Wegman,  M.J.  Bodnar,  w.C.  Tanner 

SAMPE  Journal,  vol.  11,  Oct. -Dec.  1975,  p.  4-6.  3 p. , 7 refs. 


A77-13733 

Durability  of  Bonded  Aluminum  Structure 
A.W.  Bethune 

SAMPE  Journal,  vol.  11,  July-Sept.  1975,  p.  4-10.  AA  (Boeing  Commercial  Airplane  Co., 
Seattle,  Wash.)  7 p. , 5 refs. 


N76-27431 

Long-Term  Artificial  Ageing  Tests  on  Structural  Adhesive  REDUX  775  Liquid  Powder  - 
Tensile  Shear  Tests  on  Lap  Joints 
J.  Koetsier 

Royal  Netherlands  Aircraft  Factories  Fokker,  Schiphol-Oost . (R6076375) , 24  p. 


N76-27430 

Determination  of  the  Adhesive  Bonding  Ability  of  Vespel  Material  and  Mid  Velcro  Tape  to 
Metal  Honeycomb  Panels  with  EC  2216  B/A 
J.  Koetsier 

Royal  Netherlands  Aircraft  Factories  Fokker,  Schiphol-Oost,  13.  June  74,  5 p. 


N76-27373 

Investigation  into  the  Improvement  of  the  Filleting  Properties  of  Shell  Resin  DX  231/137 
on  Aluminum  Alloy  Honeycomb  Materials 
I.M.  Godfried 

Royal  Netherlands  Aircraft  Factories  Fokker,  Schiphol-Oost,  12.  Feb.  74,  10  p. 


N76-26336 

Development  of  a Weldable  High  Strength  Steel 
C.D.  Little,  P.M.  Machmeir 

General  Dynamics/Fort  Worth,  Tex.  (GE409346) , 137  p.  Wright-Patterson  AFB,  Ohio  AFML 


N76-2441  1 

Metal-to-Metal  Adhesive  Bonded  Aircraft  Structures 
J.  Koetsier 

Royal  Netherlands  Aircraft  Factories  Fokker , Schiphol-Oost . (R6076375).  Manufacturing 

Research  and  Product  Development  Dept,  16  p. 


N76-19464 

Low-Temperature  Large-Area  Brazing  of  Titanium  Structures 
B.R.  Wells 

Northrop  Corp.,  Hawthorne,  Calif.,  Aircraft  Div.  127  p. 


N76-14525 

Stresses  in  an  Adhesive  Bonded  Composite-to-Metal  Assembly 
T.J.  Reinhard,  Jr.;  W.M.  Scardino 

Air  Force  Materials  Lab.,  Wr ight-Patterson  AFB,  Ohio.  (AI316308),  34  p. 


N76-14471 

Exploratory  Development  of  Weld  Quality  Definition  and  Correlation  with  Fatigue 
Properties/Final  Report,  29  Sep.  1972  - 31  Oct.  1974/ 

R.  Witt,  0.  Paul 

Grumman  Aerospace  Corp.,  Bethpage,  N.Y.  (G6919090),  243  p. 


A76-43383 

C02  Welding  Used  to  Attach  Inspection  Manway  to  NASA  Hydrogen  Pressure  Vessel 
G.  Palmer,  D.  Conklin 

Welding  Journal,  vol.  55,  Sept.  1976,  p.  763-766.  AA  (Hobart  Technical  Center,  Procedure 
Laboratory,  Troy,  Ohio)  AB  (Nuclear  Power  Products  Co.,  Panama  City,  Fla.),  4 p. 


A76-39731 

Structural  Adhesives  with  Emphasis  on  Aerospace  Applications  - Book 

Research  supported  by  the  U.S.  Department  of  Defense;  New  York,  Marcel  Dekker,  Inc. 
(Treatise  on  Adhesion  and  Adhesives.  Vol.  4) , 1976.  258  p,  258  p. 


A76-34809 

Phosphoric  Acid  Anodizing  of  Aluminum  for  Structural  Adhesive  Bonding 
J.C.  McMillan,  R.A.  Davis,  J.T.  Quinlivan 

SAMPE  Quarterly,  vol.  7,  Apr.  1976,  p.  13-18.  AB  (Boeing  Commercial  Airplane  Co.,  Renton, 
Wash.)  AC  (Boeing  Aerospace  Co.,  Military  Airplane  Div.,  Seattle,  Wash.),  6 p. , 13  refs. 


A76-31359 

Helically  Welded  Motors 
N.R.U.K.  Kartha,  D.  Easwardas 

Indian  Rocket  Society,  Journal,  vol.  4,  Oct,  1974,  p.  132-139.  AB  (Indian  Space  Research 
Organization,  Vikram  Sarabhai  Space  Centre,  Trivandrum,  India),  8 p. 


A76-1 5161 

Metal-to-Metal  Adhesive  Bonded  Aircraft  Structures 
J.  Koetsier 

In:  Materials  review  :75;  Proceedings  of  the  Seventh  National  Technical  Conference, 
Albuquerque,  N.  Mex.,  Oct.  14-16,  1975.  Azusa,  Calif.,  Society  for  the  Advancement  of 
Material  and  Process  Engineering,  1975,  p.  126-140.  AA  (Fokker-VFW,  Schiphol-Oost, 
Netherlands) 


A76-15160 

Advancements  in  Applications  of  Adhesive  to  Core  Cell  Edge  and  Flat  Sheet  Material 
G.M.  Green 

In:  Materials  review  :75;  Proceedings  of  the  Seventh  National  Technical  Conference, 
Albuquerque,  N.  Mex.,  Oct.  14-16,  1975.  Azusa,  Calif.,  Society  for  the  Advancement  of 
Material  and  Process  Engineering,  1975,  p.  118-125.  AA  (Hexcel  Corp.,  Dublin,  Calif.) 


A76-10714 

The  Revolution  in  Production  Processes 
I.  Stambler 

Interavia,  vol.  30,  Oct.  1975,  p.  1099-1103 


N75-23713 

The  Use  of  Carbon  Fibre  Reinforced  Plastics  in  Satellite  Structures.  Volume  1:  Summary 
J.  Dickinson 

Hawker  Siddeley  Dynamics  Ltd.,  Hatfield  (England).  Space  Div. 

Final  Report  on  Phase  2,  Oct.  1973  - Dec.  1974,  14  p. 


N75-22749 

Advanced  Manufacturing  Methods  and  their  Economic  Implications:  Some  Pilot  Papers  on 
Powder  Metallurgy  and  Joining;  AGARD-R-627 

Advisory  Group  for  Aerospace  Research  and  Development,  Paris  (France). 

In  English;  partly  in  French,  112  p. 


N75-22524 

Fracture  Control  of  Welded  Pressurized  Structures  for  Manned  Spaceflight 
R . A . Rawe 

McDonnell-Douglas  Astronautics  Co.,  Huntington  Beach,  Calif.  (MP533375) 
In  ESRO  Large  Struct,  for  Manned  Spacecraft,  p.  349-360 


N75-22523 

Diffusion  Bonding  for  Vacuum-Tight  Structures 
H.  Stoc)cburger , E.  Vanrensen,  K.  Gerber 

Dornier-System  GmbH,  Friedr ichshaf en  (West  Germany).  (D0224522) 
In  ESRO  Large  Struct,  for  Manned  Spacecraft,  p.  341-348 


N75-22387 

The  Use  of  Carbon  Fibre  Reinforced  Plastics  in  Satellite  Structures.  Volume  2:  Technical 
Appendices  A to  D 

Hawi^er  Siddeley  Dynamics  Ltd.,  Hatfield  (England) 

Final  Report  on  Phase  2,  Oct.  1973  - Dec.  1974,  244  p. 


N75-21279 

Titanium  Honeycomb  Acoustic  Lining  Structural  and  Thermal  Test  Report 
D.  J cynes , J.P.  Balut 

Boeing  Commercial  Airplane  Co.,  Seattle,  Wash. 

Technical  Report,  Jan. -Aug.  1974,  77  p. 


A75-47575 

No-Melt  Welding  - Diffusion  Metal  Welding  in  Aerospace  Industry 
R.B.  Aronson 

Machine  Design,  vol.  47,  Oct.  16,  1975,  p.  128-133 


A75-46481 

Laminated-Metal  Composites 
E.S.  Wright,  A.P.  Levitt 

In:  Composite  Materials.  Vol.  4.  New  Yorlc,  Academic  Press,  Ire.,  1974,  p.  37-99. 

AB  (U.S.  Army,  Army  Materials  and  Mechanics  Research  Center,  Watertown,  Mass.),  40  refs. 


A75-43274 

Weldability  Studies  on  High  Performance  Alloys  in  Thin  Sheet  Form 
S.J.  Matthews 

(American  Welding  Society,  Annual  Meeting,  56th,  Cleveland,  Ohio,  Apr.  21-25,  1975). 
Welding  Journal,  Research  Supplement,  vol.  54,  Sept.  1975,  p.  28l-s  to  287-s.  AA  (Cabot 
Corp.  , Ko)como,  Ind.) 


A75-41738 

Bonded  Electrodes  for  Use  on  the  External  Surface  of  Spacecraft 
B.R.F.  Kendall,  J.O.  Weelcs 

Review  of  Scientific  Instruments,  vol.  46,  Aug.  1975,  p.  1123-1125.  AB  (Pennsylvania 
State  University,  University  Par)c,  Pa.),  5 refs. 


A75-41690 

PABST  - A Technology  Demonstrator  - Primary  Adhesively  Bonded  Structure  for  Aircraft 
E.W.  Thrall,  Jr. 

American  Institute  of  Aeronautics  and  Astronautics,  Aircraft  Systems  and  Technology 
Meeting,  Los  Angeles,  Calif.,  Aug.  4-7,  1975,  10  p.  AA  (Douglas  Aircraft  Co.,  Long  Beach, 
Calif. ) 


A75-40992 

Preproduction  Evaluation  of  an  Improved  Titanium  Surface  Prebonding  Process 
R.F.  Wegman,  M.J.  Bodnar 

In:  Technology  in  transition;  Proceedings  of  the  Twentieth  National  Symposium  and 
Exhibition,  San  Diego,  Calif.,  April  29  - May  1,  1975.  Azusa,  Calif.,  Society  for  the 
Advancement  of  Material  and  Process  Engineering,  1975,  p.  533-545.  AB  (U.S.  Army, 
Materials  Engineering  Div. , Picatinny  Arsenal,  Dover,  N.J.),  13  p. , 6 refs. 


k. A 


B-4 


A75-40985 

Weldbonding  of  Aluminum  Aircraft  Structures 
E.B.  Mikus,  A.H.  Freedman 

In:  Technology  in  transition:  Proceedings  of  the  Twentieth  National  Symposium  and 
Exhibition,  San  Diego,  Calif.,  April  29  - May  1,  1975.  Azusa,  Calif.,  Society  for  the 
Advancement  of  Material  and  Process  Engineering,  1975,  p.  424-438.  AB  (Northrop  Corp. , 
Hawthorne,  Calif.),  15  p. 


A75-40981 

Electron  Beam  Welding  from  Aircraft  to  Autos 
R.C.  Holland 

In:  Technology  in  transition:  Proceedings  of  the  Twentieth  National  Symposium  and 
Exhibition,  San  Diego,  Calif.,  April  29  - May  1,  1975.  Azusa,  Calif.,  Society  for  the 
Advancement  of  Material  and  Process  Engineering,  1975,  p.  382-386.  AA  (Union  Carbide 
Corp.,  Indianapolis,  Ind.),  5 p. 


A75-29611 

Improving  the  Structural  Fatigue  Characteristics  of  Aircraft  by  Using  Bonded  Sandwich 
Structures.  I 
R.  Switkiewicz 

Technika  Lotnicza  i Astronautyczna,  vol.  29,  Mar.  1975,  p.  27,  28.  In  Polish. 

AA  (Warszawa,  Politechnika , Warsaw,  Poland) 


A75-29345 

Lcuninated  Wood  for  Propeller  Blades 
Z.  Krukowski 

Instytut  Lotnictwa,  Prace,  no.  60,  1974,  p.  25-37.  In  Polish.  9 refs. 


A75-18965 

NDT  Personnel  Team  up  with  EB  Welders  to  Upgrade  Production  on  Supersonic  Tomcat 
Materials  Evaluation,  vol.  33,  Jan.  1975,  p.  20A-23A 


A75-17943 

Aerospace  Sandwich  Materials.  Ill  - Production  and  Properties  of  Honeycomb  Materials 
S.  Dzalba-Iyndis 

Materiaux  et  Techniques,  vol.  62,  Dec.  1974,  p.  559-567.  In  French.  AA  (Societe  Nationale 
Industrielle  Aerospatiale,  Paris,  France) 


A75-16221 

Aerospace  Sandwich  Materials.  II  - Fabrication,  Properties,  Tests 
S.  Dzalba-Iyndis 

Materiaux  et  Techniques,  vol.  62,  Oct.  1974,  p.  405-415.  In  French.  AA  (Societe  Nationale 
Industrielle  Aerospatiale,  Paris,  France) 


A75-13046 

Laminated  Metallic  Structure  - Advanced  Applications 
S.W.  McClaren,  J.R.  Ellis 

In:  Materials  on  the  Move:  Proceedings  of  the  Sixth  National  Technical  Conference,  Dayton, 
Ohio,  Oct.  8-10,  1974.  Azusa,  Calif.,  Society  for  the  Advancement  of  Material  and  Process 
Engineering,  1974,  p.  345-351.  AB  (LTV  Aerospace  Corp.,  Vought  Systems  Div. , Dallas,  Tex.) 
6 refs. 


A75-10925 

Fretting  in  Aircraft  Turbine  Engines 
R.L.  Johnson,  R.C.  Bill 

NATO,  AGARD,  Meeting  of  the  Structures  and  Materials  Panel,  39th,  Munich,  West  Germany, 
Oct.  6-12,  1974,  Paper.  16  p.  AB  (NASA,  Lewis  Research  Center,  Cleveland,  Ohio),  15  refs. 


N74-30939 

The  bi-Composite  Transition  Joint 
K.C.  Dullea,  Jr. 

North  American  Rockwell  Corp.,  Canoga  Park,  Calif.  Space  Div. 

Space  Div.  In  NASA.  Langley  Res.  Center  Proc.  of  the  Symp.  on  Welding,  Bonding  and 
Fastening,  21  p. 


N74-30938 

Stress  Wave  Riveting  - of  Aircraft  Metal  Skin 
B.P.  Leftheris 

Grumman  Aerospace  Corp.,  Bethpage,  N.Y.  Research  Dept. 

Research  Dept.  In  NASA.  Langley  Res.  Center  Proc.  of  the  Symp.  on  Welding,  Bonding  and 
Fastening,  14  p. 


N74-30937 

Adhesives  and  the  ATS  Satellite  - Construction  of  Honeycomb  Panels 
F . E . Hancock 

Martin  Marietta  Corp. , Orlando,  Fla. 

In  NASA.  Langley  Res.  Center  Proc . of  the  Symp.  on  Welding,  Bonding,  and  Fastening,  8 p. 


N74-30936 

Design  of  Bonded  Joints  in  Composite  Materials  - Computerized  Analysis  of  Material 

Suitability 

N.  Corvelli 

Grumman  Aerospace  Corp.,  Bethpage,  N.Y. 

In  NASA.  Langley  Res.  Center  Proc.  of  the  Symp.  on  Welding,  Bonding,  and  Fastening,  4 p. 


N74-30933 

Adhesive  Bonding  and  the  Use  of  Corrosion  Resistant  Primers  - for  Metal  Surface 
Preparation 

R.R.  Hockridge,  H.G.  Thibault 

General  Electric  Co.,  Philadelphia,  Pa.  Re-entry  and  Environmental  Systems  Div. 

Re-entry  and  Environmental  Systems  Div.  In  NASA.  Langley  Res.  Center  Proc.  of  the  Symp. 
on  Welding,  Bonding,  and  Fastening,  16  p. 


N74-30932 

Introduction  to  the  Adhesive  Bonding  Session  - Foam  System  for  Attaching  Thermal 
Insulation  on  Space  Shuttle 
J.E.  McCarty 

Boeing  Co.,  Seattle,  Wash.  Commercial  Airplane  Group 

Commercial  Airplane  Group.  In  NASA.  Langley  Res.  Center  Proc.  of  the  Symp.  on  Welding, 
Bonding,  and  Fastening,  2 p. 


N74-30930 

Thin-Film  Diffusion  Brazing  of  Titanium  Alloys 
E.B.  Mikus 

Northrop  Corp.,  Hawthorne,  Calif.  Materials  Research  Lab 

Materials  Research  Lab.  In  NASA.  Langley  Res.  Center  Proc.  of  the  Symp.  on  Welding, 
Bonding,  and  Fastening,  33  p. 


N74-30928 

Development  of  the  Weldbond  Process  for  Joining  Titanium 
D.  Fields 

Lockheed-Georgia  Co. , Marietta 

In  NASA.  Langley  Res.  Center  Proc.  of  the  Symp.  on  Welding,  Bonding,  and  Fastening,  18  p. 


N74-30927 

The  Effects  of  High-Temperature  Brazing  and  Thermal  Cycling  on  the  Mechanical  Properties 

of  Hastelloy  X 

D.L.  Dicus,  J.D.  Buckley 

National  Aeronautics  and  Space  Administration.  Langley  Research  Center,  Langley  Station, 
Va. 

In  its  Proc.  of  the  Symp.  on  Welding,  Bonding,  and  Fastening,  23  p. 


N74-30926 

Titanium  Honeycomb  Structure  - for  Supersonic  Aircraft  Wing  Structure 
R.A.  Davis,  S.D.  Elrod,  D.T.  Lovell 
Boeing  Co.,  Seattle,  Wash. 

In  NASA.  Langley  Res.  Center  Proc.  of  the  Symp.  on  Welding,  Bonding,  and  Fastening,  21  p. 


N74-30925 

The  Effect  of  Weld  Stresses  on  Weld  Quality  - Stress  Fields  and  Metal  Cracking 
R.A.  Chihoski 

Martin  Marietta  Aerospace,  Denver,  Colo. 

In  NASA.  Langley  Res.  Center  Proc.  of  the  Symp.  on  Welding,  Bonding,  and  Fastening,  22  p. 


N74-30924 

Electron  Beam  Welding  of  Aircraft  Structures  - Joining  of  Titanium  Alloy  Wing  Structures 
on  F-14  Aircraft 
R.H.  Witt 

Grumman  Aerospace  Corp.,  Bethpage,  N.Y. 

In  NASA.  Langley  Res.  Center  Proc.  of  the  Symp.  on  Welding,  Bonding,  and  Fastening,  36  p. 


N74-30923 

Spot-Weld  Bonding  on  the  Blackhawk  Helicopter 
M.J.  Salking 

United  Aircraft  Corp. , Stratford,  Conn.  Sikorsky  Aircraft  Div. 

Sikorsky  Aircraft  Div.  In  NASA.  Langley  Res.  Center  Proc.  of  the  Symp.  on  Welding, 
Bonding,  and  Fastening,  6 p. 


N74-30922 

Proceedings  of  the  Symposium  on  Welding,  Bonding,  and  Fastening  - Production  Engineering 
for  Aircraft  and  Spacecraft  Structures 
B.A.  Stein,  J.D.  Buckley 

National  Aeronautics  and  Space  Administration.  Langley  Research  Center,  Langley  Station, 
Va. 

Proc.  held  at  Williamsburg,  Va. , 30  May  - 1 June  1972,  sponsored  by  NASA,  George  Wash. 
Univ. , and  Am.  Soc.  for  Metals,  743  p. 


N74-26056 

Increase  in  Strength  of  Heat-Resistant  Adhesive-Bonded  Metal  Joints  by  Combining  two 
Adhesives  (Adhesive  Combination  Joint) 

W.  Althof 

European  Space  Research  Organization,  Paris  (France). 

Transl.  into  English  of  "Festigkeitssteigerung  von  warmebestSndigen  Metallklebungen  mit 
Hilfe  von  Klebschichten  aus  zwei  Klebstoffen  (Kombinationsklebung) , DFVLR,  Inst.  fUr 
Flugzeugbau,  Brunswick,  report  DLR-FB-73-22 , 1973,  68  p. 


N74-25546 

Titanium  and  its  Alloys  in  Aircraft  Production  (Airframe  Structures) :An  Annotated 
Bibliography  (1967-1971) 

National  Aeronautical  Lab.,  Bangalore  (India).  Documentation  Unit 
Documentation  Unit.  Ill  p. 


N74-221 38 

Diffusion  Welding  in  Aviation  Technology 
K.  Karlinski 

Kanner  (Leo)  Associates,  Redwood  City,  Calif. 

Transl.  into  English  from  Tech.  Lotnicza  Astronaut.  (Warsaw),  v.  27,  Jul.  1973,  p.  25-28, 
Washington  NASA 


N74-21151 

Development  of  Engineering  Data  on  Thick-Section  Electron  Beam  Welded  Titanium/Final 
Report,  Mar.  1971  - Jun.  1973/ 

J.G.  Bjeletich 

Lockheed  Missiles  and  Space  Co.,  Palo  Alto,  Calif.  Research  Lab. 

Research  Lab.  199  p. 


N74-21084 

Engineering  Feasibility  Study  of  Ultrasonic  Applications  for  Aircraft  Manufacture/Final 
Report/ 

F.R.  Meyer 

Aeropro jects , Inc.,  West  Chester,  Pa.,  316  p. 


N74-12555 

Non-Classical  Adhesive-Bonded  Joints  in  Practical  Aerospace  Construction 
L.J.  Hart-Smith 

Douglas  Aircraft  Co.,  Inc.,  Long  Beach,  Calif.,  97  p. 


N74-11339 

Status  and  Development  Tendencies  of  Titanium  Processing  - Metallurgical  Techniques  for 
Manufacture  of  Aircraft  Parts 
H.  Kellerer,  G.  Cans 

Messer schmitt-Bolkow-Blohm  GmbH,  Ottobrunn  (West  Germany) 

In  Erlangen-Nuremberg  Univ.  Manuf.  and  Properties  of  Titanium  and  Titanium  Alloys 
emphasizing  their  Use  in  Aeron.,  Pt . 1,  24  p. 


A74-45261 

Brazed  Titanium  Fail-Safe  Structures 
H.I.  McHenry,  R.E.  Key 

(American  Welding  Society,  Annual  Meeting,  55th,  Houston,  Tex.,  May  6-10,  1974) 

Welding  Journal,  Research  Supplement,  vol . 53,  Oct.  1974,  p.  432-s  to  439-s.  AA  (National 
Bureau  of  Standards,  Washington,  D.C.).  AB  (General  Dynamics  Corp.,  Convair  Aerospace  Div., 
Fort  Worth,  Tex.),  15  refs. 


A74-36599 

Processing  of  Titanium  Tubes  - An  Approach  to  Helicopter  Blade  Spar  Manuf acturing 
S.M.  Silverstein 

American  Helicopter  Society,  Annual  National  V/STOL  Forum,  30th,  Washington,  D.C., 

May  7-9,  1974,  18  p.  AA  (United  Aircraft  Corp. , Sikorsky  Aircraft  Div.,  Stratford,  Conn.) 


A74-35994 

Application  of  Acrylic  Based  Room  Temperature  Curing  A.dhesive  to  Structural  Helicopter 

Bondments 

C.H.  Jacobi 

Society  for  the  Advancement  of  Material  and  Process  Engineering,  National  Symposium  and 
Exhibition,  19th,  Buena  Park,  Calif.,  Apr.  23-25,  1974,  Paper,  31  p.  AA  (Boeing  Vertol  Co., 
Philadelphia,  Pa.) 


A74-34873 

Titanium  Jet  Engine  Parts  Joined  with  Plasma  Arc  - Automatic  Welding  of  Exhaust  Ducts 
Metal  Progress,  vol.  106,  July  1974,  p.  79 


A74-34285 

Detection  of  Weldment  Lack  of  Fusion  Using  Opaque  Additives 
J.L.  Cock,  R.L.  Brown 

In:  Symposium  on  Nondestructive  Evaluation,  9th,  San  Antonio,  Tex.,  April  25-27,  1973, 
Proceedings.  San  Antonio,  Tex.,  Southwest  Research  Institute,  1973,  p.  56-74. 

AA  (McDonnell  Douglas  Astronautics  Co.,  Huntington  Beach,  Calif.)  AB  (NASA,  Marshall 
Space  Flight  Center,  Huntsville,  Ala.),  5 refs. 


A74-30533 

Evolution  of  Welding  Techniques  - Means  and  Materials 
R.  Bellettre 

Sciences  et  Techniques,  Apr.  15,  1974,  p.  36-44.  In  French 


A74-29517 

Fracture  Toughness  Study  of  a Grade  300  Maraging  Steel  Weld  Joint 
J.G.  Elauel,  H.R.  Smith,  G.  Schulze 

Welding  Journal,  Research  Supplement,  vol.  53,  May  1974,  p.  211-s  to  2l8-s.  Research 
supported  by  the  Deutscher  Verband  filr  SchweiBtechnik  und  Arbeitsgemeinschaf t industriel- 
ler  Forschungsvereinigungen . AB  (Fraunhof er-Gesellschaf t zur  ^'’rderung  der  angewandten 
Forschung,  Institut  ftir  Festkorpermechanik , Freiburg  im  Breisgau,  West  Germany). 

AC  (SchweiBtechnische  Lehr-  und  Versuchsanstalt , Berlin,  West  Germany),  7 refs. 


A74-28052 

Improved  Approach  to  Structural  Integrity  of  Spacecraft  Shrouds  by  Use  of  Skin-Corrugated 
Weldbond  /Spotweld-Adhesive  Bond/ 

D.J.  Tenerelii,  V.A.  Haughey 

AIAA,  ASME,  and  SAE,  Structures,  Structural  Dynamics  and  Materials  Conference,  15th, 

Las  Vegas,  Nev.,  Apr.  l'’-19,  1974,  AIAA  15  p.  Research  supported  by  the  Lockheed  Missiles 
and  Space  Independent  Development  Program.  AB  (Lockheed  Missiles  and  Space  Co.,  Inc., 
Sunnyvale,  Calif.  12  refs. 


A74-27510 

Adhesively  Bonded  Laminated  Metal  Structure 
R.J.  Stout 

Society  of  Automotive  Engineers,  Automotive  Engineering  Congress,  Detroit,  Mich., 
Feb.  25  - Mar.  1,  1974,  10  p.  AA  (General  Dynamics  Corp.,  Convair  Aerospace  Div., 
San  Diegc,  Calif.),  5 refs. 


A74-26687 

Adhesive  Bonding  Increases  Fatigue  Life  of  Wing  Joint 

E.E.  House,  Jr.;  J.A.  White 

AIAA,  ASME,  and  SAE,  Structures,  Structural  Dynamics  and  Materials  Conference,  15th, 
Las  Vegas,  Nev.,  Apr.  17-19,  1974,  AIAA  9 p.  AB  (Lockheed-Georgia  Co.,  Marietta,  Ga.) 


A74-26655 

Application  of  Advanced  Structures  and  Materials  to  Transport  Aircraft  Fuselages 
J.E.  McCarty 

AIAA,  ASME,  and  SAE,  Structures,  Structural  Dynamics  and  Materials  Conference,  15th, 
Las  Vegas,  Nev.,  Apr.  17-19,  1974,  AIAA  14  p.  AA  (Boeing  Commercial  Airplane  Co., 
Seattle,  Wash.),  8 refs. 


B-8 


A74-25363 

The  Application  of  Electron  Beam  Welding  for  Major  Titanium  Structures 
M.G.  Dronsek 

Association  Aeronautique  et  Astronautique  de  France  and  Union  Syndicale  des  Industries 
Aeronautiques  et  Spatiales,  Congres  International  Aeronautique,  11th,  Ecole  Nationale 
Superieure  de  Techniques  Avancees,  Paris,  France,  May  21-23,  1973,  Paper.  37  p. 

AA  (Messerschmitt-Bolkow-Blohm  GmbH,  Munich,  West  Germany) 


A74-25024 

Diffusion  Welding  of  Structural  Components  for  Aeronautics  and  Astronautics 
K.  Gerber 

Raumf ahrtforschung , vol.  18,  Jan. -Feb.  1974,  p.  38-41.  In  German.  Research  supported  by 
the  Bundesministerium  der  Verteidigung . AA  (Dornier-System  GmbH,  Friedr ichshaf en , West 
Germany 


A74-16448 

Design  and  Development  Support  for  Critical  Helicopter  Applications  in  Ti-6A1-4V  Alloy 
P.R.  Wedden,  F.  Liard 

In:  Titanium  science  and  technology:  Proceedings  of  the  Second  International  Conference, 
Cambridge,  Mass.,  May  2-5,  1972.  Volume  1.  New  York,  Plenum  Press,  1973,  p.  69-80. 

AA  (Westland  Helicopters,  Ltd.,  Yeovil,  Somerset,  England)  AB  (Societe  Nationale 
Industrielle  Aerospatiale,  Marignane,  France)  5 refs. 


A74-14786 

Composite  to  Metal  Bonding  Using  Structural  Thermosetting  Adhesives 
T.J.  Reinhart,  Jr.;  W.M.  Scardino 

In:  Materials  and  processes  for  the  70's  - Cost  effectiveness  and  reliability:  Procee- 
dings of  the  Fifth  National  Technical  Conference,  Kiamesha  Lake,  N.Y.,  Oct.  9-11,  1973. 
Azusa,  Calif.,  Society  for  the  Advancement  of  Material  and  Process  Engineering,  1973, 
p.  713-731.  AB  (USAF,  Materials  Laboratory,  Wr ight-Patterson  AFB,  Ohio) 


A74-14752 

Sliding-Seal  Electron-Beam  Welding  of  Titanium 
R.H.  Witt,  J.G.  Maciora,  H.P.  Ellison 

In:  Materials  and  processes  for  the  7o's  - Cost  effectiveness  and  reliability:  Procee- 
dings of  the  Fifth  National  Technical  Conference,  Kiamesha  Lake,  N.Y.,  Oct.  9-11,  1973. 
Azusa,  Calif.,  Society  for  the  Advancement  of  Material  and  Process  Engineering,  1973, 
p.  270-297.  AC  (Grumman  Aerospace  Corp. , Materials,  and  Processes  Development  Dept., 
Bethpage,  N.Y.) 


A74-14741 

Rohrbond  - Liquid  Interface  Diffusion  Bonding  for  Ti  Honeycomb  Core  Sandwich 
M.M.  Schwartz 

In:  Materials  and  processes  for  the  70's  - Cost  effectiveness  and  reliability:  Procee- 
dings of  the  Fifth  National  Technical  Conference,  Kiamesha  Lake,  N.Y.,  Oct.  9-11,  1973. 
Azusa,  Calif.,  Society  for  the  Advancement  of  Material  and  Process  Engineering,  1973, 
p.  103-114.  AA  (Rohr  Industries,  Inc.,  Chula  Vista,  Calif.) 


A74-14739 

Improved  Manufacturing  of  the  F-14A  Composite  Horizontal  Stabilizer 
A.  London,  G.  Lubin,  S.  Dastin 

In:  Materials  and  processes  for  the  70 's  - Cost  effectiveness  and  reliability;  Procee- 
dings of  the  Fifth  National  Technical  Conference,  Kiamesha  Lake,  N.Y.,  Oct.  9-11,  1973. 
Azusa,  Calif.,  Society  for  the  Advancement  of  Material  and  Process  Engineering,  1973, 
p.  80-90.  AC  (Grumman  Aerospace  Corp.,  Bethpage,  N.Y.),  5 refs. 


A74-13364 

The  State  of  Application  of  Composite  Materials  in  Aeronautics 
P.  Jauch,  I.C.  Visconti 

L ' Aerotecnica  - Missili  e Spazio,  vol.  52,  Aug.  1973,  p.  279-292.  In  Italian.  AA  (Air- 
italia  S.p.A.,  Naples,  Italy)  AB  (Napoli,  Universita,  Naples,  Italy)  16  refs. 


N73-32470 

The  Application  of  Adhesive  Bonded  Structures  and  Composite  Materials  on  Advanced  Turbo- 
fan Engines  (Adhesive  Bonding  of  Structures  and  Composite  Materials  on  Advanced  Turbofan 
Engines) 

E.M.  Pendlebury 

CIBA-GEIGY  (UK)  Ltd. , Cambridge  (England) . Bonded  Structures  Div. 

Bonded  Structures  Dlv.  Presented  at  1st  Intern.  Symp.  on  Air  Breathing  Engines,  Marseille, 
19-23  Jun.  1972,  33  p. 


B-9 


N73-30037 

Adhesive  Bonding  in  the  Fokker-VFW  F-28  "Fellowship"  {Fokker  F-28  Fellowship  Structure 
Adhesive  Bonding  Processes  and  Quality  Control  Methods) 

R.J.  Schliekelmann 

Royal  Netherlands  Aircraft  Factories  Fokker,  Amsterdam.  Manufacturing  Research  and 
Product  Development  Dept. 

Manufacturing  Research  and  Product  Development  Dept.,  15  p. 


N73-27912 

The  Technology  of  Cementing  Parts  in  Aircraft  Construction  (Gluing  Technology  for 
Airframe  Construction) 

I. I.  Kapelyushnik , I. I.  Mikhaiev 

Air  Force  Systems  Command,  Wr ight-Patterson  AFB,  Ohio.  Foreign  Technology  Div. 

Foreign  Technology  Div.  Transl.  into  English  from  the  monograph  "Tekhnologiya  Skleivaniya 
Datalei  v Samoletostroenii " Moscow,  1972,  p.  1-224 


N73-25061 

Adhesive  Bonding  in  the  Fokker-VFW  F-28  Fellowship  (Adhesive  Bonding  and  Structural 
Integrity  of  Short  Haul  Fokker  F-28  Fellowship  Aircraft) 

R.J.  Schliekelmann 

Royal  Netherlands  Aircraft  Factories  Fokker,  Schiphol-Cost . Manufacturing  Research  and 
Product  Development  Dept. 

Manufacturing  Research  and  Product  Development  Dept.,  15  p. 


N73-23636 

Strength  Increase  of  Heat-Resistant  Metal-to-Metal  Bonded  Joints  by  Combining  two 
Adhesives  (Adhesive  Combination  Joint)  (Joint  Strength,  Adhesive  Ductility  of  Adhesively 
Bonded  Joints  of  Epoxy  Resins  Bonded  to  Aluminum  and  Titanium  Alloys) 

W.  Althof 

[ Deutsche  Forschungs-  und  Versuchsanstalt  fUr  Luft-  und  Raumfahrt,  Brunswick  (West  Germany). 

L Inst.  fUr  Flugzeugbau 

[ Inst,  fur  Flugzeugbau,  70  p. 


N73-21948 

Principles  of  Design  in  Aircraft  Construction  (Selected  Chapters)  (Analysis  of  Aircraft 
Construction  Methods  to  Compare  Riveting,  Welded  Joints,  and  Bonded  Joints  for  Structural 
Stability) 

A. I.  Gimmelfarb 

Air  Force  Systems  Command,  Wright -Patterson  AFB,  Ohio.  Foreign  Technology  Div. 

Foreign  Technology  Div.  Transl.  into  English  from  the  book  "Osnovy  Konstruirovaniya  v 
Samoletostroenii"  1971,  p.  75-203,  283-308 


N73-18491 

Gluing  Aluminum  Alloy  Parts  (Selected  Portions)  (Methods  for  Designing  and  Developing 
Aircraft  Structural  Components  by  Riveting,  Welding,  and  Gluing  Aluminum  Alloys  Parts) 
Air  Force  Systems  Command,  Wright -Patterson  AFB,  Ohio.  Foreign  Technology  Div. 

Foreign  Technology  Div.  Transl.  into  Englishom  the  monograph  "Osnovy  Konstruirovaniya  v 
( Samoletostroenii"  Moscow,  1971,  p.  171-184 


N73-13482 

Friction  Welding  of  Missile  Systems  Hardware/Final  Technical  Report/  (Cost  Effectiveness 
Criteria  and  Parametric  Data  for  Friction  Welding  of  Missile  Systems  Hardware) 

D.A.  Seifert,  K.E.  Meiners,  H.D.  Hanes 
Battelle  Columbus  Labs.,  Ohio,  148  p. 


A7 3-44000 

Aluminum  Brazed  Titanium  Honeycomb  Sandwich  Structure  - A New  System 
S.D.  Elrod,  D.T.  Lovell,  R.A.  Davis 

(American  Welding  Society  and  Welding  Research  Council,  International  Brazing  Conference, 
4th,  Chicago,  111.,  Apr.  4,  5,  1973)  Welding  Journal,  Research  Supplement,  vol . 52, 

Oct.  1973,  p.  425-s  to  432-s.  AC  (Boeing  Co.,  Seattle,  Wash.) 


A73-42196 

Application  of  Electron  Beam  Welding  to  Aircraft  Turbine  Engine  Parts 
K.  linuma 

Ishikawaj ima-Har ima  Engineering  Review,  vol.  13,  May  1973,  p.  305-317.  In  Japanese,  with 
abstract  in  English,  5 refs. 


A73-38004 

Resistance  Diffusion  Bonding  Boron/Aluminum  Composite  to  Titanium 
M.S.  Hersh 

(American  Welding  Society,  Annual  Meeting,  54th,  Chicago,  111.,  Apr. 
Journal,  Research  Supplement,  vol.  52,  Aug.  1973,  p.  370-s  to  376-s. 
Inc.,  Los  Angeles,  Calif. 


2-6,  1973)  Welding 
AA  (Pressure  Systems, 


A73-37464 

Weldbonding/Rivetbonding  - Application  Testing  of  Thin  Gauge  Aircraft  Components 
J.M.  Craddock 

American  Institute  of  Aeronautics  and  Astronautics,  Aircraft  Design,  Flight  Test  and 
Operations  Meeting,  5th,  St.  Louis,  Mo.,  Aug.  6-8,  1973,  9 p.  A.A  (LTV  Aerospace  Corp.  , 
Dallas,  Tex.) 


A73-34100 

Brazed  Honeycomb  Structures.  (Brazed  Honeycomb  Structure  Design,  Fabrication  and  Aero- 
space Applications  Covering  Brazing  Methods,  Filler  Metal  Selection,  Nondestructive 
Testing,  Sandwich  Designs,  Aircraft  and  Spacecraft  Structures,  etc.) 

M.M.  Schwartz 

WRC  Bulletin,  Apr.  1973,  p.  1-28.  AA  (Rohr  Industries,  Chula  Vista,  Calif.),  36  refs. 


A73-28468 

A Case  of  Bonding  in  Aviation  - The  Elevons  of  the  Concorde  (Epoxy  Adhesive  Bonding  of 
Concorde  Light  Alloy  Sandwich  Structure  Elevons,  Discussing  Surface  Treatment,  Polymeri- 
zation and  Ultrasonic  Testing) 

P.  Magnani 

Revue  Francaise  de  Mecanique,  3rd  Quarter,  1972,  p.  11-23.  In  French.  AA  (Societe 
Nationale  Industrielle  Aerospatiale,  Paris,  France) 


A73-28180 

The  Outlook  for  Metal  Alloys.  (A1  Alloys,  Steels  and  Superalloys  Properties  Improvements 
for  Aerospace  Vehicles  Structural  Applications,  Discussing  Diffusion  Bonding  and  Iso- 
thermal Forging  Techniques) 

I.  Stambler 

Interavia,  vol.  28,  Apr.  1973,  p.  349-351 


A73-24092 

Contribution  to  the  Bonding  of  Glass  Laminates  and  Metals  (Adhesive  Metal/Glass  Laminate 
Bonding,  Discussing  Materials,  Tests  and  Interlaminar  Strength  Effects) 

J.  Robes 

In:  Intermetalbond  :72;  Conference  on  the  Bonding  of  Metals,  5th,  Boboty,  Czechoslovakia, 
November  21-23,  1972,  Proceedings.  Bratislava,  Dorn  Techniky  SVTS , 1972,  p.  62-73,  75. 

In  Czech. 


A73-21240 

Welding  Airframe  Structures  in  Titanium  Alloys  Using  Tensile  Loading  as  a Means  of  Over- 
coming Distortion 

A.  Stanhope,  R.H.  Hazelhurst,  B.M.  Swann 

In:  Welding  and  fabrication  of  non-ferrous  metals:  Proceedings  of  the  International 
Conference,  Eastbourne,  Sussex,  England,  May  2,  3,  1972.  Volume  1.  Cambridge,  Welding 
Institute,  1972,  p.  72-82.  AC  (Hawker  Siddeley  Aviation,  Ltd.,  Kingston  on  Thames,  Eng- 
land) 


A73-21235 

Welding  and  Fabrication  of  Non-Ferrous  Metals;  Proceedings  of  the  International  Conferen- 
ce, Eastbourne,  Sussex,  England,  May  2,  3,  1972.  Volume  1 

Conference  sponsored  by  the  Welding  Institute  and  Institute  of  Metals.  Ceimbridge,  Welding 
Institute,  1972,  132  p. 


A73-18692 

Assembling  by  Welding  and  Bonding  - Introductory  Report  on  Assemblies 
R.  Puydebois 

(Societe  Francaise  des  Mecaniciens,  Conference  d ' Etude  et  d ' Inf ormation , Paris,  France, 
Mar.  21,  22,  1972)  Revue  Francaise  de  Mecanique,  2nd  Quarter,  1972,  p.  5-17.  In  French. 
AA  (Societe  Nationale  Industrielle  Aerospatiale,  Paris,  France) 


A73-18094 

Manufacturing  Developments  for  Producing  Advanced  Metallic  Structures.  (Adhesively 
Bonded  Multilayer  A1  and  Ti  Alloy  Sheet  Metals  for  Complex  Airframe  Components,  Discus- 
sing Design,  Fabrication,  Tests  and  Performance  Comparison  with  Monolithic  Structures) 
D.M.  Hermanson 

Society  of  Manufacturing  Engineers,  1972,  18  p.  AA  (Vought  Aeronautics  Co.,  Dallas,  Tex.) 


A73-15703 

Technology  for  Adhesive  Bonding  of  Elements  in  Aircraft  Construction  (Russian  Book  - 
Technology  for  Adhesive  Bonding  of  Elements  in  Aircraft  Construction) 

I. I.  Kapeliushnik,  I. I.  Mikhalev,  B.D.  Eidelman 

Moscow,  Izdatel.'sto  Mashinostroenle,  1972,  224  p.  In  Russian,  44  refs. 


A73-13039 

A Study  of  Environmental  Degradation  of  Adhesive  Bonded  Titanium  Structures  in  Army 
Helicopters 

R.F.  Wegman,  M.J.  Bodnar,  W.C.  Hamilton 

In:  Non-metallic  materials  selection,  processing  and  environmental  behavior;  Proceedings 
of  the  Fourth  National  Technical  Conference  and  Exhibition,  Palo  Alto,  Calif.,  Oct.  17-19, 
1972.  Azusa,  Calif.,  Society  of  Aerospace  Material  and  Process  Engineers,  1972, 
p.  425-432.  Army-supported  research.  AB  (U.S.  Army,  Picatinny  Arsenal,  Dover,  N.J.) 

AC  (Gilette  Research  Institute,  Inc.,  Washington,  D.C.) 


A73-13050 

Selection  Process  for  a Structural  Adhesive  System  for  Application  of  the  L-1011  Aircraft 
E.R.  Crilly 

In:  Non-metallic  materials  selection,  processing  and  environmental  behavior;  Proceedings 
of  the  Fourth  National  Technical  Conference  and  Exhibition,  Palo  Alto,  Calif., 

Oct.  17-19,  1972.  Azusa,  Calif.,  Society  of  Aerospace  Material  and  Process  Engineers, 
1972,  p.  579-604.  AA  (Lockheed-California  Co.,  Burbank,  Calif.),  8 refs. 


N72-30946 

Low-Cost  Fabrication  and  Direct  Bond  Installation  of  Flat,  Single-Curvature  and  Compound- 
Curvature  Ablative  Heat  Shield  Panels 
I . B . Norwood 

North  American  Rockwell  Corp. , Downey,  Calif.  Space  Div. , June  1972,  81  p. 


N72-26376 

Integration  of  NASA-Sponsored  Studies  on  Aluminum  Welding  (Effects  of  Porosity  and  Ther- 
mal and  Residual  Stresses  on  Aluminum  Alloy  Welds) 

K.  Masubuchi 

Massachusetts  Inst,  of  Tech.,  Cambridge.  Dept,  of  Ocean  Engineering,  321  p.  Washington 
NASA 


N72-23496 

Saturn  S-11  Production  Operations  Techniques,  Production  Welding.  Volume  3:  Circumferen- 
tial Welding  (Circumferential  Welding  Methods  for  Saturn  2 Cylinder  and  Bulkhead 
Assemblies) 

D.G.  Abel 

North  American  Rockwell  Corp.,  Seal  Beach,  Calif.  Space  Div.  323  p. 


N72-20907 

Bonded  Structures  and  the  Optimum  Design  of  a Joint  (Adhesive  Bonding  in  Spacecraft 
Structures  and  Design  of  Double  Strap  Joints  for  Static  and  Fatigue  Loading) 

V.  Niranjan 

Toronto  Univ.  (Ontario).  Inst,  for  Aerospace  Studies,  26  p. 


N72-12520 

A Thermoplastic  Transparent  Adhesive  for  Bonding  Polycarbonate  to  Glass/Final  Report, 

26  Aug.  1970  - 25  Apr.  1971/  (Ethylene  Terpolymer  Material  Used  as  Thermoplastic  Trans- 
parent Adhesive  for  Bonding  Polycarbonate  to  Glass) 

G.L.  Ball,  III;  P.H.  Wilken;  C.J.  North;  I.O.  Salyer 
Monsanto  Research  Corp.,  Dayton,  Ohio,  52  p. 


N72-11462 

The  Strength  of  Sheets  and  Joints  in  Unwoven  Glass  Fibre  Reinforced  Plastic  Laminates 
F.  Clifton,  D.L.  Mead 

Royal  Aircraft  Establishment,  Farnborough  (England),  Nov.  70,  106  p. 


A7 2- 4 5000 

Welding  Airfraune  Structures  in  Titanium  Using  Tensile  Loading  to  Overcome  Distortion 
A.  Stanhope,  R.H.  Hazelhurst,  B.M.  Swann 

(International  Conference  on  Welding  and  Fabrication  of  Non-Ferrous  Metals,  Eastbourne, 
England,  May  2-4,  1972)  Metal  Construction  and  British  Welding  Journal,  vol.  4, 

Oct.  1972,  p.  366-372.  AC  (Hawker  Siddeley  Aviation,  Ltd.,  Kingston-on-Thames,  Surrey, 
England) 


A72-43498 

A Crack  Stopper  Concept  for  Filamentary  Composite  Laminates 
J.M.  McKinney 

Journal  of  Composite  Materials,  vol.  6,  July  1972,  p.  420-424.  AA  (Lockheed-Georgia  Co., 
Marietta,  Ga.) 


A72-37214 

Contribution  to  the  Study  of  Adhesive-Bonded  Aerospace  Structures  (Stress  Distribution 
and  Displacements  in  Adhesive  Bonded  Lap-Jointed  Aerospace  Structures,  Presenting 
Approximate  Solution) 

G.  Quozzo 

(Associazione  Italiana  di  Aeronautics  e Astronautics,  Congresso  Nazionale,  1st,  Palermo, 
Italy,  Oct.  27-29,  1971)  L: Aerotecnica  - Missili  e Spazio,  vol.  51,  Apr.  1972, 
p.  148-158.  In  Italian.  AA  (Roma,  University,  Rome,  Italy),  8 refs. 


A72-36526 

Application  of  Weld  Bond  to  Aerospace  Structures.  (Combined  Spot  Weld-Adhesive  Bonding 
to  Join  Sheet  Metal  Parts  with  Applications  to  Propellant  Tanlcs  and  Spacecraft  and  Air- 
craft Structures) 

K.  Forsberg,  F.R.  Sullivan 

Society  of  Manufacturing  Engineers,  1972,  21  p.  Research  supported  by  the  Locltheed  Air- 
craft Corp.;  AA  (Locltheed  Research  Laboratories,  Palo  Alto,  Calif.)  AB  (Loclcheed  Missi- 
les and  Space,  Inc.,  Sunnyvale,  Calif.)  10  refs. 


A72-32429 

Adhesive  Bonding  of  Large  Fuselage  Panels.  (Adhesive  Bonding  of  L-1011  Body  Shell  Panels 
for  Improved  Fatigue  Strength  and  Corrosion  Resistance) 

Aircraft  Engineering,  vol.  44,  May  1972,  p.  20-22 


A72-17325 

New  Adhesive  Needs  and  Concepts  for  the  Aircraft  and  Aerospace  Industries.  (Adhesive 
Bonded  Components  in  Aircraft  and  Aerospace  Structures,  Discussing  Manufacturing,  Metal 
Surface  Preparation,  Inspection  and  Environmental  Exposure) 

T.J.  Reinhart,  Jr. 

Society  of  Automotive  Engineers,  Automotive  Engineering  Congress,  Detroit,  Mich., 

Jan.  10-14,  1972,  11  p.  AA  (USAF,  Materials  Laboratory,  Wrigth-Patterson  AFB,  Ohio), 

6 refs. 


A72-14914 

What's  New  in  Forging.  (Forging  Techniques  and  Applications  for  YF-12A  Aircraft  Ti 
Alloy  Bullchead  Production,  Considering  Diffusion  Bonding  and  Die  Shimming) 

J.E.  Coyne,  J.D.  McKeogh 

Machine  Design,  vol.  43,  Dec.  23,  1971,  p.  39-44.  AB  (Wyman-Gordon  Co.,  Grafton,  Mass.) 


A72-10753 

Fabrication  Methods  for  TD  Nicltel.  (TD  Niclcel  as  Construction  Material  for  Roc)cet  Thrust 
Chambers,  Discussing  Spin-Forming,  Welding,  Machining,  Electric  Discharge  Machining  and 
Electroforming  Operations) 

A.E.  Leach 

In:  Space  shuttle  materials;  Proceedings  of  the  National  Technical  Conference,  Huntsville, 
Ala.,  Oct.  5-7,  1971.  Azusa,  Calif.,  Society  of  Aerospace  Material  and  Process  Engineers, 
1971,  p.  323-334.  AA  (Bell  Aerospace  Co.,  Buffalo,  N.Y.) 


N71-33100 

Strength  of  Adhesive  Bonds  of  Carbon  Fiber  Reinforced  Composites  (Strength  of  Adhesive  of 
Carbon  Fiber  Composite  Material  Bonds) 

W.  Althof 

Deutsche  Forschungs-  und  Versuchsanstalt  fur  Luft-  und  Raumfahrt,  Brunswiclc  (West  Germany) 


N71-32953 

Evaluation  of  the  Adhesive  Bonding  Processes  Used  in  Helicopter  Manufacture.  Part  2 - The 
Characterization  of  Adherent  Surfaces  (Analysis  of  Bonded  Metal  Surfaces  Used  in  Manufac- 
ture of  helicopter  Components) 

W.C.  Hamilton.  G.A.  Lyerly 

Gillette  Research  Inst.,  Inc.,  Rocltville,  Md.,  Mar.  1971,  Coll-  66  p refs. 


N71-28045 

Development  of  Explosive  Welding  Techniques  for  Fabrication  of  Regeneratively  Cooled 
Thrust  Chambers  for  Large  Rocltet  Engine  Requirements  . Final  Report,  28  Jun.  1967  - 
15  Sep.  1970  (Explosive  Welding  Techniques  in  Fabricating  Regeneratively  Cooled  Thrust 
Chambers  for  Large  Roc)tet  Engine  Requirements  Including  Ultrasonic  Inspection,  Metallo- 
graphy, and  Burst  Testing) 

I.  Laber,  V.D.  Linse,  M.J.  Ryan,  E.G.  Smith,  Jr. 

Battelle  Memorial  Inst.,  Columbus,  Ohio,  15  Jun.  1971,  Coll-  114  p refs. 


N71-20443 

Method  of  Joining  Aluminum  to  Stainless  Steel  Patent  (Joining  Aluminum  to  Stainless  Steel 
by  Bonding  Aluminum  Coatings  on  to  Titanium  Coated  Stainless  Steel  and  Brazing  Aluminum 
to  Aluminum/Titanium  Coated  Steel) 

E.G.  Husch)ce,  Jr.;  D.B.  Nord 

North  American  Aviation,  Inc.,  Canoga  Par)c,  Calif. 


A71-34156 

Cornered  Composites  and  Tamed  Titanium  (Titanium  and  Composite  Fabrication  for  F-14  Air- 
craft, Discussing  Hot  Forming,  Chemical  Milling  and  Electron  Beam  Welding) 

I.G.  Hedric)t,  L.  Mead,  W.  Rath)ce 
Init-Grumman  Horizons,  vol . 9,  p.  30-37,  1970 


A71-27325 

Controlling  Structural  Fatigue  through  Adhesive  Bonding  (Fatigue  Life,  Fail-Safe  Capabi- 
lity and  Corrosion  Resistance  of  Commercial  Aircraft  Structures  Improved  through  Adhesive 
Metal-Metal  Bonding) 

M.A.  Me Icon,  V.D.  Moss 

Conf.  American  Society  of  Mechanical  Engineers,  Design  Engineering  Conference  and  Show, 
New  York,  N.Y.,  Apr.  19-22,  1971.  Plac-  New  York,  Publ-  American  Society  of  Mechanical 
Engineers,  1971,  Coll.  17  p. 


A71-24112 

A Comparative  Test  for  Corrosion  Resistant  Adhesive  Primers  (Adhesive  Primers  Corrosion 
Resistance  Test  Methods,  Noting  Aircraft  Design  Implications) 

N.L.  Rogers 

Conf-  In-  Aerospace  Adhesives  and  Elastomers,  Society  of  Aerospace  Material  and  Process 
Engineers,  National  Technical  Conference,  2nd,  Dallas,  Tex.,  Oct.  6-8,  1970,  Proceedings. 
P.  571-588.  Plac-  Azusa,  Calif.,  Publ-  Society  of  Aerospace  Material  and  Process  Engi- 
neers, Seri-  /National  Sampe  Technical  Conference  Proceedings.  Volume  2/,  Date-  1970 


A71-24093 

Structural  Bonding  of  Titanium  for  Advanced  Aircraft  (Alloy  and  Heat  Treatment  Effect  on 
Ti  Bondability  for  Adhesive  Bonded  Aircraft  Structure,  Using  Annealed  and  Aged  Ti-6  Al-4  V 
and  Ti-6  Al-6  V-2  Sn  Alloys  for  Testing) 

M.S.  Hochberg,  D.I.  Voss,  R.E.  Walter 

Conf-  In-  Aerospace  Adhesives  and  Elastomers,  Society  of  Aerospace  Material  and  Process 
Engineers,  National  Technical  Conference,  2nd,  Dallas,  Tex.,  Oct.  6-8,  1970,  Proceedings. 
P.  321-330.  Plac-  Azusa,  Calif. , Publ-  Society  of  Aerospace  Material  and  Process  Engi- 
neers, Seri-  /National  Sampe  Technical  Conference  Proceedings.  Volume  2/,  Date-  1970 


A71-24069 

A Tough,  Moderately  Heat  Resistant,  Room  Temperature  Curing  Structural  Adhesive  (Surface 
Treatment  Effects  on  High  Shear  Strength  Adhesive  Bonding  of  Fiber  Reinforced  Plastics  to 
Metal  Substructures) 

M.E.  Gross 

Conf-  In-  Aerospace  Adhesives  and  Elastomers,  Society  of  Aerospace  Material  and  Process 
Engineers,  National  Technical  Conference,  2nd,  Dallas,  Tex.,  Oct.  6-8,  1970,  Proceedings. 
P.  49-61.  Coll-  5 refs.  Plac-  Azusa,  Calif.,  Publ-  Society  of  Aerospace  Material  and  Pro- 
cess Engineers,  Seri-  /National  Sampe  Technical  Conference  Proceedings.  Vol. 2/,  Date-  1970 


A71-24064 

New  Directions  in  Aircraft  Adhesives  and  Sandwich  Structural  Materials  (High  Peel  Strength 
Epoxy  and  Urethane  Adhesives  for  Aircraft  Bonding,  Discussing  High  Temperature  Curing  and 
Honeycomb  Panel  Repair) 

A.B.  Kerr 

Conf-  In-  Aerospace  Adhesives  and  Elastomers,  Society  of  Aerospace  Material  and  Process 
Engineers,  National  Technical  Conference,  2nd,  Dallas,  Tex.,  Oct.  6-8,  1970,  Proceedings. 
P.  1-8.  Plac-  Azusa,  Calif.,  Publ-  Society  of  Aerospace  Material  and  Process  Engineers, 
Seri-  /National  Sampe  Technical  Conference  Proceedings.  Volume  2/,  Date-  1970 


A71-23690 

Corrosion  Resistant  Adhesive  Bonding  (Corrosion  Resistance  of  Adhesive  Bonded  Airframe 
Structure  Components  under  Outdoor  Weather  and  Salt  Spray  Conditions,  Discussing  Test 
Results  with  A1  Alloy  Specimens) 

R.H.  Greer 

Init-  Sampe  Quarterly,  Vol.  2,  p.  51-60.  Date-  Jan.  1971 


A71-17624 

Adhesive  Bonding  of  High  Modulus  Composite  Aircraft  Structures  (High  Modulus  Boron-Epoxy 
Composite  Aircraft  Structures  Adhesive  Bonding,  Discussing  Mechanical  Properties,  Manufac- 
turing Techniques  and  Quality  Control) 

S.J.  Dastln,  G.  Lubin 

Conf-  Society  of  Automotive  Engineers,  Automotive  Engineering  Congress,  Detroit,  Mich., 
Jan.  11-15,  1971.  Plac-  New  Yor)t , Publ-  Society  of  Automotive  Engineers,  Inc.,  Date-  1971 


B-t4 


A71-11270 

Metallurgical  and  Structural  Aspects  of  Diffusion  Bonded  Titanium  Honeycomb  Sandwich 
(Metallurgical  and  Structural  Production  of  Diffusion  Bonded  Titanium  Honeycomb  Sandwich 
Panels  for  Aerospace  Hardware  Weight  Saving) 

D.H.  Lmero,  M.J.  Mejia 

Conf-  /Aircraft  Structures  and  Materials  Application,  Society  of  Aerospace  Material  and 
Process  Engineers,  National  Technical  Conference,  Seattle,  Wash.,  Sep.  9-11,  1969,  Pro- 
ceedings, p.  219-229/  Init-  Seunpe  Journal,  Vol . 6,  p.  11-17.  Coll-  7 refs.  Date-  Oct.  - 
Nov.  1970 


N70-43053 

Adhesive  Bond  Failures  in  Aircraft  Honeycomb  Sandwich  Composites  Interim  Report  (Failure 
Analysis  on  Adhesive  Bonds  of  Aircraft  Honeycomb  Sandwich  Composites) 

J.E.  Cowling,  T.R.  Walton 

Naval  Research  Lab.,  Washington,  D.C.,  Date-  15  Jun.  1970,  Coll-  29  p.  refs. 


N70-19056 

A Survey  of  Aircraft  Structural  Bonding  and  Grounding  for  Lightning  and  Static  (Aircraft 
Structural  Bonding  and  Grounding  for  Lightning  and  Static) 

F.r.  Holder 

Loclcheed-Georgia  Co.,  Marietta.  Init-  in  AFSC  Lightning  and  Static  Elec.  Conf.,  Pt.  2, 
May  1969,  p.  453-471 


N70-19054 

Electrical  Bonding  of  Advanced  Airplane  Structures  (Adhesive  and  Electrical  Bonding  of 
Aircraft  Structures) 

I.E.  Short 

Boeing  Co.,  Seattle,  Wash.  Init-  in  AFSC  Lightning  and  Static  Elec.  Conf.,  Pt . 2, 

May  1969,  p.  425-441 


N70-16768 

Feasibility  of  Joining  Advanced  Composite  Flight  Vehicle  Structures.  Final  Report, 

1 May  1966  - 1 Jul.  1967  (Design  Techniques  for  Bonded  and  Mechanical  Joints  in  Advanced 
Composite  Structures) 

K.E.  Hofer,  D.  Kutscha 

IIT  Research  Inst.,  Chicago,  111.  Date-  Jan.  1969,  Coll-  494  p.  refs. 


N70-14240 

Aircraft  without  Rivets  (New  Method  of  Joining  Metal  Parts  in  Constructing  Supersonic 
Aircraft  - Welding  and  High-Strength  Cementing) 

Air  Force  Systems  Command,  Wright-Patterson  AFB,  Ohio.  Date-  20  Feb.  1969,  Coll-  8 p. 
tran-  transl.  into  English  from  Hang  Rung  Chih  Shih,  /Mainland/,  V.  3,  1960,  30  p. 


A70-45875 

Advanced  Bonding  for  Large  Aircraft  (Airframe  S)cin  Panels  Adhesive  Bonding  in  Wide- 
Bodied  Jet  Transports,  Emphasizing  Fuselage  Fatigue  and  Corrosion  Resistance) 

J . Hong 

Conf-  Society  of  Automotive  Engineers,  National  Aeronautic  and  Space  Engineering  and  MFG. 
Meeting,  Los  Angeles,  Calif.,  Oct.  5-9,  1970.  Plac-  New  Yorlc,  Publ-  Society  of  Automotive 
Engineers,  Inc.,  Date-  1970,  Coll-  18  p. 


A70-38594 

Assurance  of  Integrity  in  Modern  Adhesive  Bonded  Structures  (Adhesive  Bonded  Aircraft 
Structures,  Discussing  Methods  and  Requirements  for  Establishment  and  Control  of  Manu- 
facturing Procedures) 

E.G.  Brewster,  R.E.  Clemens,  R.D.  Lawrence,  M.G.  Rumbaugh 

Conf-  In-  the  Expanding  World  of  Reliability,  American  Society  for  Quality  Control, 
Annual  West  Coast  Symposium,  11th,  Los  Angeles,  Calif.,  May  15,  1970,  Proceedings. 

P.  1-19,  Coll-  5 refs.  Plac-  North  Hollywood,  Calif.,  Publ-  Western  Periodicals  Co., 
Date-  1970 


A70-34452 

Future  Possibilities  for  Titanium  in  Primary  Aircraft  Structures  (Ti  Sheet  Welded 
Construction  for  Transport  Aircraft  Fuselages,  Assuming  Use  of  Electron  Beam  and  Plasma 
Arc  Equipment) 

A.J.  Chivers 

Conf-  In-  The  Science,  Technology  and  Applict. ■ k " "’itanium,  Inst,  of  Metals, 
Metallurgical  Society  of  Aime,  and  American  S j r Metals,  International  Conference 
on  Titanium,  London,  England,  May  21-24,  1968,  i--'  ’.ings.  P.  1149-1151.  Plac-  Oxford, 
Fuel-  Pergamon  Press,  Ltd.,  Date-  1970 


B-IS 


A70-33683 

Experience  in  Electron  Beam  Welding  of  Titanium  in  the  Aerospace  Industry  / Erfahrungen 
beim  ElektronenstrahlschweiBen  von  Titan  in  der  Luft-  und  Raumfahrt/  (Titanium  Electron 
Beam  Welding  in  Aerospace  Industry,  Discussing  Alloy  Properties  and  Strength  Behavior) 
L.  Dorn 

Init-  Luf tf ahrttechnilt  Raumf ahrttechnilt , Vol.  16,  p.  150-158.  Coll-  14  refs.  Date-  Jun. 
1970,  Lang-  in  German 


A70-33597 

Advanced  Solid-State  Diffusion-Bonded  Injectors  (Solid  State  Diffusion  Bonding  Applied 
to  Rocl^et  Engine  Injectors  Manufacture) 

R.N.  Gurnitz , R.M.  Knight 

Conf-  American  Inst,  of  Aeronautics  and  Astronautics,  Propulsion  Joint  Specialist 
Conference,  6th,  San  Diego,  Calif.,  Jun.  15-19,  1970.  Plac-  New  York,  Publ-  American 
Inst,  of  Aeronautics  and  Astronautics,  Date-  1970,  Coll-  4 p. 


A70-27093 

Diffusion  Bonding  - A Process  for  Manufacture  of  Titanium  Aerospace  Structural  Component 
(Solid  State  Diffusion  Bonding  Techniques  for  Aerospace  Ti  Structural  Components) 

J.  Melill 

Conf-  Metallurgical  Society  of  Aime,  Fall  Meeting,  Philadelphia,  Pa.,  Oct.  13-16,  1969, 
Paper  Coll-  29  p. 


A70-25893 

Bonded  Aircraft  Structures  for  General  Aviation  (Adhesive  Bonding  for  Structural  Effi- 
ciency, Lower  Weight,  Reduced  Production  Costs  and  Improved  Appearance  in  General 
Aviation  Industry) 

N.F.  Steiner 

Conf-  Society  of  Automotive  Engineers,  National  Business  Aircraft  Meeting,  Wichity,  Kan. 
Mar.  18-20,  1970.  Plac-  New  York,  Publ-  Society  of  Automotive  Engineers,  Date-  1970, 
Coll-  9 p. , 11  ref s . 


A70-24594 

Titanium  for  the  Aircraft  Materials  Prize  (Metal  Working  Technology  of  Ti  and  Alloys  for 
Structural  Parts  Fabrication  for  Concorde  Aircraft,  Describing  Laser  Cutting,  Electron 
Beam  Welding,  Explosive  Forming,  etc.) 

G.  Lawes 

Init-  New  Scientist,  Vol.  45,  p.  503-505.  Date-  Mar.  12,  1970 


A70-24296 

Calculation  of  the  Adhesive  Bond  of  an  Aircraft  Structural  Joint  /Raschet  Kleevogo 
Soedineniia  Uzla  Aviakonstruktsii/  (Adhesive  Bond  Stress  of  Aircraft  Structural  Joints 
between  Metal  Plates  of  Variable  Cross  Section  Designed  for  Shear) 

N.Kh.  Gizatulin,  S.S.  Krestovskii 

Init-  Aviatsionnaia  Tekhnika,  Vol.  12,  no.  4,  p.  158-161.  Date-  1969,  Lang-  in  Russian 


A70-19759 

Bonding  of  and  with  Reinforced  Plastics  / Das  Kleben  von  und  mit  verstSrkten  Kunststof- 
fen/  (Fiberglass  Reinforced  Plastics  Bonding,  Discussing  Structure  Fabrication  and  Use 
as  Material) 

W.  Brockmann,  A.  Matting 

Conf-  In-  Arbeitsgemeinschaf t verstarkte  Kunststoffe,  Public  Annual  Conference,  8th, 
Freudenstadt , West  Germany,  Sep.  30  - Oct.  3,  1969,  Lectures  /Arbeitsgemeinschaf t ver- 
starkte Kunststoffe,  offentliche  Jahrestagung , 8th,  Freudenstadt,  West  Germany, 

Sep.  30  - Oct.  3,  1969,  Vortrage/.  P.  10-i  to  10-4.  Plac-  Munich,  Publ-  Carl  Hanser  Ver- 
lag.  Date-  1969,  Lang-  in  German 


A70-18503 

Cold  Welding  a Space  Station  - Probable  Russian  Method  (Cold  Pressure  Welding  of  Space 
Station  Tested  on  Soviet  Soyus  Spacecraft) 

P.T.  Houldcroft 

Init-  Metal  Construction  and  British  Welding  Journal,  Vol.  1,  p.  526.  Date-  Nov.  1969 


A70-16375 

Welding  in  Space  (Welding  of  Satellite  and  Spacecraft  Segments  in  Space,  Discussing  Arc, 
Electron  Beam,  Resistance,  Vacuum  Diffusion,  Cold  Pressure  and  Brazing  Techniques) 

P.J.  Houldcroft 

Init-  New  Scientist,  Vol.  44,  p.  502-504.  Date-  Dec.  4,  1969 


"1 


N69-1721 1 

Diffusion  Bonding  of  Titanium  to  Simulate;  S-IC  Fuel  Tankage  Components  (Developing 
Fabrication  Methods  for  Diffusion  Bonding  of  Titanium  Alloys  to  Meet;  S-lC  Fuel  Tank 
Design  Criteria) 

C.N.  Irvine 

National  Aeronautics  a.  Space  Administration.  Marshall  Space  Flight  Center,  Huntsville, 
Ala.  Date-  4 Nov.  1968,  Coll-  41  p.  refs. 


A69-43464 

Anaerobic  Adhesives  for  Structural  Aircraft  Bonding.  (Anaerobic  Adhesives  for  Aircraft 
Bonding  Tested  for  Mechanical  Properties,  Noting  Advantages  over  Epoxy  Adhesives) 

R.F,  Eafnes 

Conf-  In-  Aircraft  Structures  and  Materials  Application,  Society  of  Aerospace  Material 
and  Process  Engineers,  National  Technical  Conference,  Seattle,  Wash.,  Sep.  9-11,  1969, 
Proceedings.  P.  551-554.  Plac-  North  Hollywood,  Calif.,  Publ-  Western  Periodicals  Co. 
Seri-  /National  Sampe  Technical  Conference.  Volume  l/,Date-  1969 


A69-43434 

Metallurgical  and  Structural  Aspects  of  Diffusion  Bonded  Titanium  Honeycomb  Sandwich. 
(Metallurgical  and  Structural  Production  of  Diffusion  Bonded  Titanium  Honeycomb  Sandwich 
Panels  for  Aerospace  Hardware  Weight  Saving) 

D.H.  Emero,  M.J.  Mejia 

Conf-  In-  Aircraft  Structures  and  Materials  Application,  Society  of  Aerospace  Material 
and  Process  Engineers,  National  Technical  Conference,  Seattle,  Wash.,  Sep.  9-11,  1969, 
Proceedings.  P.  219-229.  Coll-  7 refs.  Plac-  North  Hollywood,  Calif.,  Publ-  Western 
Periodicals  Co.,  Seri-  /National  Sampe  Technical  Conference.  Volume  1/,  Date-  1969 


A69-43421 

Advances  in  the  Corrosion  Resistance  of  Bonded  Structures.  (Corrosion  Resistant  Bonding 
Materials,  Discussing  Metal-to-Metal  Adhesive  Primers,  A1  Honeycomb  Core  and  Foil  Finish) 
R.B.  Krieger,  Jr. 

Conf-  In-  Aircraft  Structures  and  Materials  Application,  Society  of  Aerospace  Material 
and  Process  Engineers,  National  Technical  Conference,  Seattle,  Wash.,  Sep.  9-11,  1969, 
Proceedings.  P.  49-60.  Plac-  North  Hollywood,  Calif.,  Publ-  Western  Periodicals  Co. 

Seri-  /National  Sampe  Technical  Conference.  Volume  1/,  Date-  1969 


I A69-38462 

Use  of  Plasma  Metal  Spray  Coating  in  Repairing  Aircraft  Components  Made  from  A1  and  Mg 
[ Alloys  / Die  Anwendung  des  Plasmametallspr itzverf ahrens  bei  der  Reparatur  von  Flugzeug- 

i bauteilen  aus  Al-  und  Mg-Legierungen/ . (Plasma  Metal  Spray  Coating  for  A1  and  Mg  Alloy 

I Aircraft  Components  Adhesive  Bonding  Repair  Technique  Compared  to  Welding  and  Electro- 

plating) 

M.P.  Maiik 

Conf-  /Deutsche  Gesellschaft  fUr  Luft-  und  Raumfahrt,  Symposium  Uber  neue  Werkstoffe  und 
I Bauweisen  im  Flugzeugbau,  Cologne,  West  Germany,  Mar.  27,  1969./  Init-  Luf tf ahrttechnik 

Raumf ahrttechnik,  Vol.  15,  p.  188-191.  Coll-  8 refs.  Date-  Jul.  1969,  Lang-  in  German 


A69-37456 

Application  of  High  Voltage  Electron  Beaim  Welding  of  Structural  Assemblies.  (Electron 
Beam  Welding  for  Fabrication  of  Aircraft  Structures,  Discussing  Fatigue  Strength  of  Ti 
and  Al  Alloys  and  Marging  and  Low  Steels) 

M.G.  Bennett 

Conf-  Society  of  British  Aerospace  Companies,  Symposium  on  Welding  in  the  Aerospace 
Industry,  London,  England,  Oct.  9,  10,  1968.  Plac-  London,  England.  Publ-  Society  of 
British  Aerospace  Companies,  Date-  1968,  Coll-  16  p. 


A69-37455 

Welding  Airframe  Components  - Electron  Beam  Installations  at  B.A.C.  Works.  (Electron 
Becun  Welding  Machine  Modifications  for  Welded  Airframe  Components  Production,  Discus- 
sing Work  Chamber,  Vacuum  System  and  Workpiece  Mounting) 

D.L.  Blnns 

Conf-  Society  of  British  Aerospace  Companies,  Symposium  on  Welding  in  the  Aerospace 
Industry,  London,  England,  Oct.  9,  lO,  1968.  Plac-  London,  England.  Publ-  Society  of 
British  Aerospace  Companies,  Date-  1968,  Coll-  5 p. 


A69-37445 

Weldable  Aluminum  Alloys  and  Welding  Processes  for  Aircraft  Structures.  (Al  Alloy 
Application  to  Welded  Primary  Airframe  Structures,  Discussing  Welding  Processes  with 
Emphasis  on  Fusion  Welding) 

J.G.  Young  ^ 

Conf-  Society  of  British  Aerospace  Companies,  Symposium  on  Welding  in  the  Aerospace 
Industry,  London,  England,  Oct.  9,  10,  1968.  Plac-  London,  England.  Publ-  Society  of 
British  Aerospace  Companies,  Date-  1968,  Coll-  23  p. , 9 refs. 


yk 


A69-30089 

Electron  Beam  Welding  in  Aircraft  Components.  (Electron  Beam  Welding  Characteristics  for 
Aircraft  Components  and  Design  Noting  Limitations) 

A.H.  Lippitt 

Conf-  Society  of  Automotive  Engineers,  National  Business  Aircraft  Meeting,  Wichita,  Kan., 
Mar.  26-28,  1969.  Plac-  New  Yorlc,  Publ-  Society  of  Automotive  Engineers,  Date-  1969, 

Coll-  7 p. 


A69-29448 

Fundamentals  of  Joint  Design  for  Composite  Airframes.  (Composite  Airframe  Structural 
Joint  Design  and  Weight  Considerations  for  Boron  and  Glass  Fiber  Reinforced  Plastic 
Materials) 

G . M . Lehman 

Conf-  American  Society  for  Metals  and  American  Society  of  Tool  and  MFG.  Engineers, 

Western  Metal  and  Tool  Conference  and  Exposition,  Los  Angeles,  Calif.,  Mar.  10-13,  1969. 
Plac-  Cleveland,  Ohio.  Publ-  American  Society  for  Metals,  Date-  1969,  Coll-  36  p. , 8 refs. 


A69-26828 

Structural  Efficiency  of  Diffusion  Bonded  Titanium  Honeycomb  Sandwich.  (Diffusion  Bonded 
Ti  Honeycomb  Sandwich,  Demonstrating  Structural  Integrity,  Efficiency,  Low  Weight  and 
Cost  Effectiveness) 

R.M.  Ault,  D.H.  Emero 

Conf-  In-  American  Inst,  of  Aeronautics  and  Astronautics  and  American  Society  of  Mechani- 
cal Engineers,  Structures,  Structural  Dynamics  and  Materials  Conference,  10th,  New 
Orleans,  La.,  Apr.  14-16,  1969,  Proceedings.  P.  235-243.  Coll-  13  refs.  Plac-  New  Yorlc, 
Publ-  American  Society  of  Mechanical  Engineers,  Date-  1969 


A69-25859 

Metalbonding  in  Satellites  and  Space  Vehicles  - Applications  and  Experiences.  (Metal 
Bonded  and  Sandwich  Structures  Application  to  Space  Vehicles,  Launch  Vehicles,  Roclcet 
Motors,  Ground  Equipment  and  Balloon  Gondolas,  Noting  Inspection  Methods) 

J . S . Rogger 

Conf-  In-  Deutsche  Gesellschaft  fur  Flugwissenschaf ten , Lectures  on  Astronautics,  7th, 
Technische  Universitat  Braunschweig,  Braunschweig,  West  Germany,  Oct.  7-11,  1968,  Pro- 
ceedings. Volume  3 - Strength,  Material,  Methods  of  Construction  (Deutsche  Gesellschaft 
fur  Flugwissenschaf ten,  Lehrgang  fUr  Raumf ahrttechnilc , 7th,  Technische  Universitat 
Braunschweig,  Braunschweig,  West  Germany,  Oct.  7-11,  1968,  Proceedings.  Volume  3 - Fe- 
stiglceit,  Werltstoffe,  Bauweisen)  . P.  36-1  to  36-24.  Coll-  7 refs.  Spon-  Lectures  suppor- 
ted by  the  Bundesministerium  fUr  Wissenschaf tliche  Forschung.  Plac-  Bonn,  Publ-  Deutsche 
Gesellschaft  fur  Flugwissenschaf ten , Date-  1968. 


A69-25858 

Metal  Bonding  in  Satellites  and  Space  Vehicles  - Strength  Behavior  / Metalllclebungen  in 
Satelliten  und  Raumfahrzeugen  - Festig)<eitsverhalten  /.  (Metal  Adhesive  Bonding  Strength 
Behavior  in  Satellite  and  Space  Vehicle  Applications,  Noting  Effects  of  Various  Space 
Environment  Factors) 

W.  Althof 

Conf-  In-  Deutsche  Gesellschaft  fiir  Flugwissenschaf  ten.  Lectures  on  Astronautics,  7th, 
Technische  Universitat  Braunschweig,  Braunschweig,  West  Germany,  Oct.  7-11,  1968,  Pro- 
ceedings. Volume  3 - Strength,  Material,  Methods  of  Construction  (Deutsche  Gesellschaft 
fUr  Flugwissenschaf ten , Lehrgang  fur  Raumf ahrttechni)^ , 7th,  Technische  Universitat 
Braunschweig,  Braunschweig,  West  Germany,  Oct.  7-11,  1968,  Proceedings.  Volume  3 - Fe- 
stigl<eit,  Werlcstoffe,  Bauweisen).  P.  35-1  to  35-16.  Coll-  10  refs.  Spon-  Lectures  suppor- 
ted by  the  Bundesministerium  fUr  Wissenschaf tliche  Forschung.  Plac-  Bonn,  Publ-  Deutsche 
Gesellschaft  fur  Flugwissenschaf ten , Date-  1968,  Lang-  in  German. 


A69-22373 

Ultrasonically  Assisted  Installation  of  Fasteners.  (Ultrasonically  Assisted  Installation 
of  Fasteners  Promising  Significant  Weight  Savings  in  Aircraft/Spacecraft  Structures) 

A.  Kremhelier,  W.H.  Sproat 

Conf-  In-  Advanced  Techniques  for  Material  Investigation  and  Fabrication,  Society  of 
Aerospace  Material  and  Process  Engineers,  National  Symposium  and  Exhibit,  14th,  Cocoa 
Beach,  Fla.,  Nov.  5-7,  1968,  Proceedings.  II-5B-3.  Coll-  /14  p./,  10  refs.  Plac-  North 
Hollywood,  Calif.,  Publ-  Western  Periodicals  Co.  Seri-  /Science  of  Advanced  Materials 
and  Process  Engineering  Proceedings.  Volume  14/,  Date-  1968 


A69-22340 

Investigation  of  Boron  Filament  Wound  Aircraft  Landing  Gears.  (Boron  Filaments  Reinforced 
Epoxy  Aircraft  Landing  Gear  Structure  Prototype,  Discussing  Development,  Fabrication,  and 
Testing) 

T.J.  Reinhart,  S.  Yurenlta 

Conf-  In-  Advanced  Techniques  for  Material  Investigation  and  Fabrication,  Society  of 
Aerospace  Material  and  Process  Engineers,  National  Symposium  and  Exhibit,  14th,  Cocoa 
Beach,  Fla.,  Nov.  5-7,  1968,  Proceedings.  II-2A-2.  Coll-  /14  p/.  Plac-  North  Hollywood, 
Calif. , Publ-  Western  Periodicals  Co.  Seri  /Science  of  Advanced  Materials  and  Process 
Engineering  Proceedings.  Volume  14/,  Date-  1968 


A69-22331 


The  Use  of  High  Strength,  Room  Temperature  Vulcanizing  Silicone  Rubber  in  Tooling  and 
Fabrication  of  Aircraft  and  Missile  Components.  (High  Strength  Room  Temperature  Vulcani- 
zing Silicone  Rubber  for  Tooling  and  Fabrication  of  Aircraft  and  Missile  Components) 

E.W.  Bec)t , M.A.  Maudlin,  J.K.  Wessel 

Conf-  In-  Advanced  Techniques  for  Material  Investigation  and  Fabrication,  Society  of 
Aerospace  Material  and  Process  Engineers,  National  Symposium  and  Exhibit,  14th,  Cocoa 
Beach,  Fla.,  Nov.  5-7,  1968,  Proceedings.  II-lA-5.  Coll-  /12  p./.  Plac-  North  Hollywood, 
Calif.,  Publ-  Western  Periodicals  Co.  Seri-  /Science  of  Advanced  Materials  and  Process 
Engineering  Proceedinqs.  Volume  14/,  Date-  1968 


A69-19731 

Helicopter  Blades  in  Metal-Sandwich  Bonding  / Hubschrauberblatter  in  Metall-Sandwich- 
Klebebauweise/ . (Helicopter  Rotor  Blades  in  Metal  Sandwich  Bonding,  Discussing  Component 
Parts  Assembly  by  Adhesive  Films) 

W.  Bruecicner 

Init-  Messerschmitt-B61)cow  Mitteilungen , p.  48-52.  Date-  Oct. -Nov.  1968,  Lang-  in  German 


A69-15483 

The  Future  for  Joining  Metals  by  Techniques  Recently  Developed.  (Metal  Welding  Procedures 
for  Aircraft  Assembly,  Discussing  Weight,  Specific  Alloys  and  Airframe  Components) 

R.  Graham 

Init-  Aircraft  Engineering,  Vol.  40,  p.  15-18.  Date-  Dec.  1968. 


A69-14845 

The  Solution  of  Adhesive  Bonding  Production  Problems.  (Phenolic  and  Epoxy  Adhesives  for 
Metal-Metal  and  Honeycomb  Bonding,  Discussing  Cold  Cure  Adhesives  for  Aircraft  Structures 
and  Aircraft  Floor  Sandwich  Design  Optimization) 

J.S.  Rogger 

I Conf-  In-  Wissenschaf tliche  Gesellschaft  fur  Luft-  und  Raumfahrt,  Yearboolc  1967  (Wissen- 

) schaftliche  Gesellschaft  fur  Luft-  und  Raumfahrt,  Jahrbuch  1967).  P.  456-462.  Plac- 

[ Cologne,  Publ-  Wissenschaf tliche  Gesellschaft  fUr  Luft-  und  Raumfahrt,  Date-  1968. 


A69-12062 

The  Use  of  h’elding  in  Aircraft  Design.  (Welding  Use  in  Aircraft  Design,  Noting  Weight  and 
Cost  Advantages  and  Problems  of  Stressing,  Stress  Corrosion  and  Inspection) 

A.J.  Troughton 

Init-  Aircraft  Engineering,  Vol.  40,  p.  6-8.  Date-  Nov.  1968 


N68-33018 

Review  of  Beryllium  Technology  for  Spacecraft  Applications  (Joining,  Wor)cing,  and  Struc- 
tural Properties  of  Beryllium  and  Beryllium  Alloys  for  Spacecraft  Applications) 

R.G.  Moss 

Jet  Propulsion  Lab.,  Calif.  Inst,  of  Tech.,  Pasadena.  Date-  1 Nov.  1967,  Coll-  35  p.  refs. 


N68-11447 

Airplanes  - Advances  in  Assembly  Techniques  (2)  Welding,  Plastic  Cementing,  Hermetic 
Sealing  (Brief  Survey  on  Aircraft  Assembly  Welding,  Plastic  Cementing,  and  Hermetic 
Sealing  Techniques) 

C.-W.  Wu 

Air  Force  Systems  Command,  Wright-Patterson  AFB,  Ohio.  Date-  28  Apr.  1967,  Coll-  10  p. 
Tran-  Transl.  into  English  from  Hang  Rung  Chih  Shih,  Vol.  2,  no.  3,  1965,  p.  18-19 


A68-42295 

Materials  in  Airlift  Technology.  (Aircraft  Construction  Materials,  Discussing  Composites, 
Aluminum,  Steel,  Titanium,  Beryllium  and  Carbon-Graphite  Fibers) 

O.I.  Freyre,  J.F.  Hills 

Init-  Shell  Aviation  News,  no.  362,  Date-  1968,  Coll-  p.  16-21 


A68-39329 

Application  of  Metal  Bonding  in  Glider  Structures.  (Metal  Bonding  and  Application  to 
Light  Aircraft  Structures  Covering  Processes,  Type  of  Surface,  Corrosion  Resistance  and 
Cost) 

J.T.  Jensen 

Conf-  /International  Technical  and  Scientific  Organization  for  Soaring  Flight,  Congress, 
Leszno,  Poland,  Jun.  1968./  Init-  Aero-Revue,  Vol.  43,  Date-  Aug.  1968,  Coll-  p.  431-436, 
441,  442 


B-19 


A68-34797 

Development  of  Fabrication  Methods  for  FBI  Adhesive  Beryllium  Sandwich  Structures. 
(Polybenzimidazole  (FBI)  Based  Adhesive  Bonded  Be  Sandwich  Cylindrical  Structures 
Fabrication  for  Aircraft  and  Aerospace  Structures  Applications) 

M.A.  Nadler,  D.H.  Richter,  S.Y.  Yoshino 

Conf-  In-  International  Symposium  on  Space  Technology  and  Science,  7th,  Tokyo,  Japan, 
May  15-22,  1967,  Proceedings.  Plac-  Tokyo,  Publ-  Agne  Publishing,  Inc.,  Date-  1968, 
Coll-  p.  199-210 


A68-31824 

Application  of  Adhesion  on  Aeronautics  and  Astronautics  / Die  Anwendung  des  Klebens  in 
der  Luft-  und  Raumfahrt/.  (Adhesives  in  Airframe  Construction  Stressing  Phenol  Based, 
Organic  and  Inorganic  Metal  Materials) 

E.  Loechelt 
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